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1. Abstract

The activation of small molecules, such as hydrogen or carbon dioxide, is an important
part in a renewable, green chemistry in the future in our society. In this context, nature al-
ready shaped metalloenzymes, which are capable of catalyzing a wide variety of reactions.
In order to exploit their biotechnological potential and provide an optimum performance,
a fundamental understanding of their catalytic mechanisms is inevitable. This thesis
presents an interdisciplinary approach providing detailed insights into the biochemical
and spectroscopic properties of a soluble hydrogenase (SH) from Hydrogenophilus ther-
moluteolus TH-1T (Ht). Additionally, a formate dehydrogenase (FDH) from Rhodobacter
capsulatus (Rc) was investigated by means of vibrational spectroscopy.

The first part of this thesis discusses kinetic and activity assays of the HtSH. Com-
plementary, infrared (IR) absorption spectroscopy in combination with electron param-
agnetic resonance (EPR) spectroscopy was carried out on the same enzyme samples in
order to gain precise information about redox species of the catalytic center before and
after activation as well as enzymatic integrity. The HtSH exhibits catalytic Ho-mediated
Nicotinamide adenine dinucleotide (NAD™) reduction in the presence of O, at elevated
temperatures displaying an optimum at 50 °C. The IR spectroscopic characterization re-
veals a rich set of different oxidized and reduced intermediates. Notably, in the oxidized
state an unprecedented upshifted CO stretching mode is observed at 1993 cm~!. Within
the reduced species, the Ni,-C signal in the EPR spectrum of Hs-treated sample was
mainly found at temperatures below 10 K, which could presumably be a result of fast
spin-lattice relaxation related to magnetic coupling with another cofactor that is param-
agnetic under these reducing conditions. In conclusion, this might serve as an explanation
why Ni,-C and other paramagnetic active site species often are not detected.

Furthermore, to explain the molecular details of the Os-tolerance origin in soluble
[NiFe]-hydrogenases, a bioinspired heterobimetallic S-oxygenated [NiFe|] complex was syn-
thesized. This complex was fully analyzed by vibrational spectroscopy in comparison to
the oxygen-free reference species. Using further experimental and computational tech-
niques, the electronic structures were elucidated with emphasis on the bridging sulfenato
moiety. Based on the obtained results, novel strategies of exploring S-oxygenated inter-
mediates in hydrogenases are proposed.

The last part of this thesis is dedicated to the investigation of a FDH. Here, resonance
Raman (RR) spectroscopy in combination with computational methods were applied.
The research focuses primarily on the first coordination sphere of the Molybdenum ion of
the active site in the oxidized and reduced state. Spectra of different structural models
were calculated and compared with the experimental data. Based on this multidisci-
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plinary approach, a mixture of reduced intermediate states were assigned and compared
to the existing proposed catalytic cycles. Additionally, the binding mode of the inhibitor
molecule azide was investigated by IR spectroscopy. The direct binding mechanism to the
Molybdenum ion proposed so far cannot be verified by the obtained data. The presented
results demonstrate that a binding in the proximity of the active site is rather likely.
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2. Zusammenfassung

Die Aktivierung von kleinen Molekiilen, wie beispielsweise Wasserstoff oder Kohlenstoff-
dioxid, ist ein entscheidener Faktor im Rahmen in einer zukiinftigen, erneuerbaren und
grinen Chemie. Die Natur hat dafiir Metalloenzyme entwickelt, die in der Lage sind,
eine grofle Anzahl verschiedener Reaktionen zu katalysieren. Um deren biotechnologi-
schen Potentiale moglichst vollsténdig auszunutzen und eine optimale Leistungsfihigkeit
zu entwickeln, ist ein fundamentales Verstandnis der zugrundeliegenden katalytischen Me-
chanismen unumgénglich. Diese Doktorarbeit préasentiert einen interdisziplindren Ansatz,
um umfassende Einblicke in die biochemischen und spektroskopischen Eigenschaften ei-
ner 16slichen Hydrogenase (SH) aus Hydrogenophilus thermoluteolus TH-17 ( Ht) und einer
Formiat Dehydrogenase (FDH) aus Rhodobacter capsulatus (Rc) zu gewinnen.

Im ersten Teil der vorliegenden Arbeit werden kinetische sowie Aktivitatsversuche zur
HtSH diskutiert. Zusétzlich, werden mittels Infrarot- (IR) sowie Elektronenspinresonanz-
spektroskopie (EPR) weitere wichtige Informationen zu unterschiedlichen Spezien des ak-
tiven Zentrums und zur enzymatischen Integritit generiert. Die HtSH zeigt katalytische,
wasserstoffabhénige Nicotinamidadenindinukleotid- (NAD™) Reduktion. Dies geschieht in
der Gegenwart von Oy bei erhdhten Temperaturen mit einem Optimum von 50 °C. Mittels
IR Spektroskopie kann eine Reihe von oxidierten und reduzierten Intermediaten charak-
terisiert werden. Hierbei ist bemerkenswert, dass im oxidierten Zustand eine bisher noch
nicht entdeckte, hochverschobene CO Streckschwingung beobachtet wird. In den reduzier-
ten Zustanden wird im EPR Spektrum das Ni,-C Signal, der mit Wasserstoff behandelten
Probe, nur bei Temperaturen unterhalb von 10 K detektiert. Dies konnte das Resultat
einer schnellen Spin-Gitter-Relaxierung mit einem benachbarten Kofaktor sein, der un-
ter diesen Bedingungen ebenfalls reduziert vorliegt. Das ware eine mogliche Erklarung,
warum Ni,-C und andere paramagnetische Zustinde des aktiven Zentrums héufig nicht
beobachtet werden.

Um das Verstédndnis der molekularen Details zur Sauerstofftoleranz von 16slichen Hydro-
genasen voranzutreiben, wurde ein bioinspirierter S-oxygenierter [NiFe] Komplex vollstén-
dig mittels Schwingungsspektroskopie charakterisiert. Durch die Anwendung von weiteren
experimentellen und theoretischen Techniken konnten die elektronischen Strukturen des
Komplexes und seiner sauerstofffreien Referenzstruktur aufgeklart werden. Hierbei lag
ein besonderer Schwerpunkt auf der verbriickenden Sulfenatoeinheit. Anhand der vorlie-
genden Ergebnisse konnen neuartige Strategien vorgeschlagen werden, um S-oxygenierte
Intermediate in Hydrogenasen zu untersuchen.

Der letzte Teil der Arbeit beschaftigt sich mit der Untersuchung einer FDH. Hier-
bei wurde Resonanz-Raman-Spektroskopie (RR) in Kombination mit computergestiitz-
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ten Modellrechungen verwendet. Die Untersuchung fokusierte sich vor allem auf die erste
Koordinationsspahre des Molybdenumions des aktiven Zentrums im oxidierten und redu-
zierten Zustand. Unterschiedliche, berechnete Spektren wurden mit den experimentellen
Daten verglichen. Auf diesem Ansatz basierend konnten verschiedene reduzierte Interme-
diate zugeordnet und mit den bisher bestehenden katalytischen Zyklen verglichen werden.
Zusétzlich wurde noch die Bindung des Inhibitors Azid mittels IR Spektroskopie tiber-
priift. Die so gewonnenen Daten demonstrieren, dass ein direkter Bindungsmechanismus
an das Molybdénion, wie es kiirzlich vorgeschlagen wurde, eher unwahrscheinlich gegen-
iiber einer moglichen Bindung in der Nahe des aktiven Zentrums ist.
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3. Motivation and Concepts

With respect to the fast growing human population and rising consumption of goods,
the higher energy demands result in an increasing environmental pollution and affect in
particularly the global climate. Such climate changes require novel technologies to reduce
the dependency on fossil fuels as dominating primary energy source and as basic compo-
nent for chemical building blocks in synthetic industry. The vast CO5 output by mankind
further enhances the greenhouse effect. Consequentially, the transition to clean and re-
newable energy and the replacement of ethene from crude oil in large chemical processes
are fundamental aims in sustainable, green chemistry. Dihydrogen (Hy) and carbon diox-
ide (COg) are promising candidates as substitutions. So far, the use of these molecules
is hampered by the expensive rare earth metals used for the catalytic transformation.
Over millions of years, nature has evolved sophisticated biomacromolecules which cat-
alyze specific and complex chemical reactions. Some of such enzymes contain even one or
more metals. These, so-called metalloenzymes, are involved in essential cellular functions
including energy conversion, biosynthesis and the transfer of redox equivalents through
the cell. Unlike most synthetic chemical processes, enzymes are capable of catalyzing
reactions in a highly selective manner under ambient conditions.

The “Knallgas”reaction of molecular hydrogen and oxygen releases large amounts of
energy. So far, precious metals, such as Platinum, have been widely applied as fuel cell
catalysts. In biology, this task is carried out by so-called hydrogenase enzymes, which
efficiently catalyze the reversible cleavage of Hy into protons and electrons by utilizing
carth-abundant transition metals, such as Ni and Fe.'** As the demand for sustainable
energy conversion is still increasing, hydrogenases became a focus of major research inter-
ests. These enzymes may accelerate the exploitation of Hy as an energy carrier, also by
serving as blueprints for the design of bio-inspired molecular catalysts. For this reason,
this thesis focuses on exploring biophysical properties of such [NiFe|-hydrogenases.

In practical terms, an application of [NiFe]-hydrogenases often suffer from the sensi-
tivity towards molecular oxygen and its reactive species, as they quickly inactivate the
active metal center. Thus, the research on biological fuel cells concentrates on oxygen-
tolerant enzymes from various organisms. Such enzymes are capable to convert Hy even
under ambient concentrations of oxygen, which make them promising candidates for bio-
logical large scale processes. In this thesis, the thermostable soluble [NiFe]-hydrogenase
from H. thermoluteolus TH-1T was investigated. With respect to its intrinsic tempera-
ture stability this enzyme appears suitable for biotechnological applications. However,
even the reversible inactivation of such biocatalysts by oxygen is still investigated and re-
cently a mechanism via mixed thiolato and sulfenato bridges was proposed.'%* Therefore,
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a synthetic inorganic complex was designed and subsequent explored by various compu-
tational and experimental techniques in order to identify the underlying physicochemical
parameters of the involved chemical groups.

The second part of this thesis is dedicated to the activation of COy. The conversion of
carbon dioxide to a variety of value-added chemicals, such as carbon monoxide, formic acid
or methanol using homogeneous/heterogeneous catalysts is a potential concept to over-
come the dependency of fossil fuels in the future.®® In recent years, (bio)-electrochemical
catalysis attracted great attention. The advantages are that the reaction is controllable
through defined electrode potentials and other reaction parameters. Furthermore, through
the utilization of renewable energy sources, such as solar or wind, no further CO, is pro-
duced. Electrochemical reaction systems can be implemented in a compact and modular
manner, so they are available on-demand and simple to scale-up. However, the challenge
remains to find a catalyst which provides high turn-over rates at low costs and additionally
would be suitable for commercial application. Designing new catalysts by a biomimetic
approach or by using complete enzymes is particularly appealing. Regarding CO5 reduc-
tion, the reaction requests the catalysts to be able to mediate multi-electron /multi-proton
reaction steps. One way to achieve this is to reduce a metal center, which requires a ligand
field capable of stabilizing different oxidation states. Another way could be the reduction
of the ligands itself, where the metal acts as an mediator for electron shuttling.

In nature, the global carbon cycle relies upon the transformation of C; compounds
including the reduction of COs into organic molecules, such as formate. The oxidation of
the latter is widely used by organisms, e. g. for the generation of reducing equivalents,
as growth substrate or as product in fermentation cycles. The splitting of formate is
catalyzed by formate dehydrogenases. These enzymes harbor a Molybdenum or Tungsten
active site. So far, the properties of these large cofactors remained largely elusive. It is
known, that the redox states of the metal changes upon formate splitting. However, much
less knowledge was accumulated about the influence of the specific ligation sphere. Thus,
the elucidation of the mechanistic details of this reaction may provide valuable insights
required for the design of novel catalysts. In this thesis, RR spectroscopy was applied
to study the inherent vibrational modes of the Mo-containing active site of a FDH from
Rec. In combination with computational studies, individual redox intermediates could be
assigned and differences in the ligation of the Molybdenum ion verified.
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4. Theoretical Background

4.1. Vibrational spectroscopy

A fundamental chemical challenge is the determination of molecular structures. Ana-
lytical chemistry offers a wide range of techniques, such as mass spectrometry (MS),
electron paramagnetic resonance spectroscopy, x-ray absorption spectroscopy (XAS) and
vibrational spectroscopy. 1495253 Especially, the latter allows a non-invasive and non-
destructible monitoring of samples even at room temperature. The two major relevant
techniques of vibrational spectroscopy are infrared and Raman spectroscopy. In both tech-
niques, the interaction of electromagnetic radiation with molecules is probed resulting in
transitions between different states of vibrational modes. Raman spectroscopy relies on an
inelastic scattering process of the incident photons, whereas in IR spectroscopy photons
are absorbed.

In the latter case the sample is irradiated with polychromatic light. The incident elec-
tromagnetic radiation includes an energy hv, which equals an energy difference between
an initial (i) and a final (f) vibrational state of the respective mode k, as stated in
equation 4.1.

hvy = hvl — hol. (4.1)

In Raman spectroscopy the inelastic scattering of photons with a discrete energy hvy, is
detected. Regarding the law of energy conservation, the difference in energy between the
incident electromagnetic radiation and the inelastically scattered photons hvi®* matches

the energy difference of the initial and final vibrational states of the normal mode k.

hog — hoie™ = hol — hol (4.2)

4.1.1. Raman spectroscopy

The Raman effect is a process of inelastic light scattering in which two photons are
involved. Here, the energy of the scattered light depends on the incident electromag-
netic radiation. This physical principle was predicted theoretically in 1923 by A. Smekal
and later proven independently by C.V. Raman as well as by Landsberg and Mandel-
stam. 128201239 A profound description of the Raman effect can be found in the book by
D.A. Long. '4?

A classical view towards the Raman scattering is based on first order induced electric
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4.1. Vibrational spectroscopy
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Figure 4.1. Energy diagram of vibrational absorption and scattering processes. Figure adapted for
this current work with kind permission from Dr. M. Sezer.

dipoles. In this process the oscillating electric field vector E of the incoming light interacts
with the electron cloud of the scattering core. As a result, the direction and magnitude of
the induced dipole moment vectors p depend on the polarizability of the molecule which
is displayed in 4.3

p=a-E (4.3)

In this equation « describes the 3x3 polarizability tensor which involves the position of
the nuclei with respect to the electron cloud. Therefore, it is sensitive to alterations of
the moleculeds internal coordinates. Every molecule with N atoms exhibit 3N-5 normal
modes for linear and 3N-6 for non-linear, respectively. The normal mode @, describes
the oscillations of each atom with the frequency wy and its time dependence is given by

Qr(t) = Qrycos(wyt + Ox,) (4.4)

Rk, and O represent the amplitude and the phase factor of the vibration. In order to
determine changes in the tensor « coupled to the molecular vibration along (), a Taylor
series is expanded

Upo = (Qpo)o + D (5%0> Qr + - (4.5)

p and o denote the molecules fixed internal coordinates which replace the Cartesian
variables x, y and z. Combining equation 4.4 and 4.5 a correlation for the time dependence
of av is given

o = og + <(5apg> Qo cos(wit + 0y) (4.6)
0

For an electromagnetic wave described by E = Eycos(wyt), in which the phase dj is
neglected, the term for the induced dipole moment vector is changed to,
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4. Theoretical Background

0o, o
Pind = agEgcos(wt) + > < 55 ) Qrocos(wit) - Egcos(wt)
k k /o
1 S, (4.7)
= apEpcos(wt) + = 27 QroEo| cos(w — wp)t + cos(w + wy)t
QL T4k ),
Rayleigh Scattering Stokes Anti—Stokes

The first term in equation 4.7 corresponds to the dominant Rayleigh scattering. Here,
the energy of the elastic scattered photons equals the energy of the incident ones. Only
the last two terms refer to Raman scattering and, hence, can be monitored by this spec-
troscopic technique (see Figure 4.1). The frequency of the scattered radiation shifts by
wi. Accordingly, the polarizability tensor a has to change with the k' vibration of the

molecule, rendering the term non-zero. In principle, classical physics can deter-

Sa
0Qy
mine the frequencies of scattered radiation. However, it fails in explaining the observed
intensities as well as no information about the molecule’s properties can be obtained.
Thus, a quantum mechanical treatment of the Raman effect is necessary.

The quantum mechanical description was developed from 2"¢ order perturbation the-
ory by Placzek on the basis of Kramers and Heisenberg dispersion theory.%6:120:194 Here,
quantum mechanics are used to define molecular properties, whereas classical physics de-
scribe the electromagnetic radiation. Consequently, the Raman scattering derives from
a transition of the molecule from a vibrational quantum state \z> to another vibrational

quantum state |f > with the respective energies of E; and E;. This transition passes

through a virtual state |7“> (see Fig. 4.1). Raman band intensities which derive from such
a transition are calculated with following equation.

E, i

po

The incident radiation is described by its intensity ([3) and its frequency (wi). wy;
illustrates the frequency of the energy difference between | f> and |z> Depending on
the temperature all possible scattering centers of ]2> are described by the Boltzmann
distribution in the exponential term. Finally, the transition polarizability tensor a,,,
represents the po element. This tensor derives from the solution of py; = <\I/}|]§|\I’?> +
<\P11|13|\Il?c> Compared to the classical case in eq. 4.3 the oscillating electric dipole as
well as the polarizability are replaced by the quantum mechanical formula which also

includes the transition dipole moment. According to Placzek, elements of the transition
polarizability can generally be described as

1y (<f|ﬁp!r><r|ﬁa!i> . <f|ﬁa|7”><7’|ﬁp!i>) (49)

060'7; - . .
poif h S\ wri —wn — il wrf + wy + L
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4.1. Vibrational spectroscopy

Here, p,, characterizes the dipole operator in the corresponding p and o direction. The

decisive energy for a transition between |r> and ]z> as well as |r> and | f > are denoted by
the terms hw,; and hw,f, respectively. The energy of the incident radiation is defined by

wy. The last expression in the denominator (:I',) depicts the life time of the state |7’>
Summation is carried out over all intermediate states of |7’> The respective energy FE.,
is not bound by any restrictions and in principle, can be lower as E; or above Ef. As a
consequence, Raman scattering can be viewed as a transition from |7"> < |Z> (absorption

of light) and | f > — \r> (emission of light) weighted by the sum over all virtual states of

\7">. However, no information about ]r> can be gained since it is not a solution of the
time-dependent Schrodinger equation. In Raman scattering the transition dipole moment
between |r> and both |Z§ as well as |f > is non-zero. Therefore, the initial and final
vibrational level are characterized by the properties of the electronic ground state.

4.1.2. Resonance Raman spectroscopy

If the frequency of the incident radiation (w;) is close to an electronic transition of the
molecule (with hw,;), the resonance Raman effect occurs. In this case, the denominator
wy; —wq — 1, dominates the sum of eq. 4.9. This term is the so-called resonant term and
correspondingly, eq. 4.9 is simplified to

o ;Z <<f!ﬁp|7“><?"\ﬁali>)_ (@.10)

=\ Wi —wr — i,

Regarding the Born-Oppenheimer approximation the nuclear and electronic wave func-
tions can be separated. This leads to |2> = \Ui>]g>, ]f> = ]Uf>\g> and ]r> = ]n>\e> in

which | g> and \e> describe the electronic ground and first excited state. The initial, final

and virtual vibrational states are characterized by |U,->, |’Uf> and |n>, respectively. As a
consequence, each integral can be split into two terms and the transition polarizability
further reduces to

Opory, = ;1-1 2 <<Um>pge’p<nvf>pge’g) (4.11)

r=f Wri — W1 — ZP@

Accordingly, pge,, and pge » describe the electronic transition moments in the correspond-
ing p and o direction. Additionally, the p,, term depends upon the nuclear vibrations
Q. Therefore, a Taylor series is generated accounting for the transition dipole moment
around the displacement from the equilibrium position )y, which are displayed as follows.
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4. Theoretical Background

OPge

Poep(Qr) = Phe (@) + (p“) Qr + ...
OQr

g (4.12)

(5 e,o
Pyeo(@i) = 10, Q)+ [ E2 ) Qp + ..
Q)

Here, p267 p(a)(Qg) denote the transition dipole moment at nuclei equilibrium positions.
A combination of 4.11 and 4.12 reveals that the transition polarizability can be separated
in individual terms with different physical meanings

Qpoy = Ape + Bpo + ... (4.13)

with

1 (v )

Ao = 3 PhepPhea D
pPo e, e,o .
h gepPtg Wri — W1 — Zrer

B,y = E (p;,ppge,a > <Ui|@k|n><@f>) (4.14)

h wri_wl_lrer

(vin) (nlQelv)

Wr; — W1 — ZF@ r

ot Do Pgess D

Classically, the A and B term exhibit the highest importance. Enhancement via the
A term relies upon two Franck-Condon integrals <<vm><nvf>) and is also refereed to

as the Franck-Condon term. This mechanism is most prominent with decreasing orthog-
onality character of the wave functions in the ground and the excited state. Resonance
enhancement is usually restricted to total symmetric vibrational modes which are coupled
to strong electronic transitions such as ¢ — o* or m — 7*.

The ‘Herzberg-Teller’ B term enhancement arises from vibronic coupling which is not
limited to totally symmetric modes. It is expressed by p; , for small displacements of Q.
This can be visualized by the vibronic coupling between the electronic ground and excited
state though this normal coordinate. The corresponding transition dipole moment of a
transition from | g> to |e> might “borrow”contributions from | g> to another nearby excited

state \h> The coupling integral and the displacement () are proportional to the amount
of “borrowed”transition dipole moment. Additionally, the smaller the energy difference
between the excited states is, the stronger the coupling becomes. The B term enhancement
can involve total symmetric as well as non-total symmetric resonance Raman modes.
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4.1. Vibrational spectroscopy

4.1.3. Infrared absorption spectroscopy

In Infrared spectroscopy the incident radiation hv'? is absorbed by the molecule resulting
in a transition of |v}€> to |vf > for all infrared active modes k. The observed intensities for
IR spectroscopy are determined by the transition probability W;;

18~ Wiy o (0100w (4.15)

The operator Q) is different in IR and Raman spectroscopy as outlined in eq. 4.8. In
IR spectroscopy, the perturbatlon of the system is determined by the electronic dipole
moment operator () = P¢ which is formulated as:

=264 (4.16)

The effective charge of the molecule is denoted by e; of the j™ atom. The distance of
the nuclei to their corresponding center of gravity is illustrated by the internal coordinate
¢; which is expressed in Cartesian coordinates (z;,y;, ;). The mass-weighted internal
coordinates for each vibrational mode k are converted into the normal coordinate ().
Finally, a Taylor series expands the electronic dipole moment along Q).

P ~P6+Z<§SZ> +Qu (4.17)
0

Combining this equation with 4.15 yields

2

' (g P

(4.18)

Pg<\1/f|x11i>z (gg ) (W] Qx| W, )

As a result, the infrared intensity depends only on the last expression of the equation
because in the first term the wave functions W and ¥; are by definition orthogonal and
therefore always zero. Interaction between the incident radiation and the molecule leads
to an active infrared mode k if the latter changes the electronic dipole moment P¢ of
the molecule. Based on the harmonic approximation the integral <\I/ f|Qk|\I/,> is non-zero
when the quantum numbers ¢ and f vary by £1. In addition, symmetry-based selection
rules are also described by the this term. Therefore, eq. 4.18 can be rewritten.

(507 ) (i)

This quantity determines the portion of the absorbed incident light A in Lambert-Beeras
law:

2

(4.19)

I
A= —logI cc-d (4.20)
0
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4. Theoretical Background

Here, the absorbance A is described by the intensity of the transmitted light (I) and the
intensity of the light source (Iy) in the logarithmic term. Furthermore, the concentration
¢, the extinction coefficient ¢ as well as the path length d can additionally be used to
derive the absorption of the sample.

4.2. Electron Paramagnetic Resonance Spectroscopy

EPR spectroscopy was performed either by Christian Lorent in case of the thermophilic
[NiFe]-hydrogenase or by Benjamin Duffus for all Formate Dehydrogenase-related exper-
iments. Measurements were supported by Christian Teutloff from the Freien Universitat
Berlin. In the following a brief review of the physical details will be given.”108

Besides mass and charge, electrons exhibit another important physical parameter which
determines their behavior. The intrinsic angular momentum, also spin, is a vector coupled
to the magnetic dipole moment /.

ji = —gupS (4.21)

Here, g is a dimensionless constant displaying a value of g. = 2,0023 for the free
electron. The so-called Bohr magneton pp includes the natural constants as quotient
from the elementary charge e, the reduced Plank quantum of action h and the mass of
the electrons me,.

eh
pp = (4.22)

© 2m,

Given that the electron is exposed to an external homogeneous magnetic field By the
spin orients itself parallel (S = %) or anti-parallel (S = —%) in the magnetic field. Ac-
cording to the Zeeman effect the electrons split into two separate discrete energy levels.
Using electromagnetic radiation, transitions between the energy levels can be induced if

the following equation is fulfilled.

AE = hv = gupBy (4.23)

For magnetic fields of 3300 Gauf§ a transition frequency of 9,3 GHz is gained which
matches the frequency of micro waves. One reason for the higher sensitivity of EPR
compared to Nuclear magnetic resonance (NMR) spectroscopy is the lower mass of the
electron. As a result, the Bohr magneton is three orders of magnitude higher than the
corresponding nuclear magneton g,
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4.3. [NiFe|-hydrogenase

4.3. [NiFe]-hydrogenase

4.3.1. Hydrogen as an alternative energy carrier

The massive anthropogenic release of CO4 and its concerning role in global warming has
prompted the search for renewable and clean energy sources. Solar and wind energy are
promising alternatives, however, storing the generated electricity is a great challenge in
the 21°%¢ century. The production of dihydrogen may be an effective way to circumvent
this problem in the future. Its reaction with oxygen releases high amounts of energy. 8¢
One way to produce dihydrogen is the splitting of water. Currently, platinum has dis-
played the highest activity among inorganic catalysts, however, it is one of the most
expensive metals with limited occurrence.*® Finding or designing new production ways
by using nature as a blueprint is particularly appealing. Hydrogenases are catalyzing
the splitting as well as the generation of dihydrogen. In principal, these enzymes can
be used in several approaches which are connected to their enzymatic function. For
instance, hydrogen-based energy conversion remains their most important biotechnolog-
ical application.?? Biological hydrogen production can be realized by dark fermentation
of cheap organic substrates or waste.'® As an alternative, artificial in vivo or in vitro
systems containing hydrogenases coupled to to photosensitizern or to the biological pho-
tosynthetic machinery could be applied.121:122:145.230 Conceptually, these strategies excel
current state of the art industrial processes which involve natural gas combustion over
rare-earth metal catalysis.?*? Furthermore, bidirectional hydrogenases are able to regen-
erate cofactors, such as nicotine amide adenine dinucleotide (phosphate) (NAD(P)). No
organic substrates are necessary and only protons are generated as side product making
hydrogenases, compared to other enzymatic systems, a useful tool in biotechnology and
the pharmaceutical industry. 139-202,206

4.3.2. Enzymatic Structure and Function

Hydrogenases are metalloenzymes which can be categorized by the composition of their
active sites into three seperate phylogenetic classes: the [Fe]-, the [FeFe]- and the [NiFe]-
hydrogenases. 171:184:233.260 Their catalytic metal centers share a common low-spin Fe?*
coordinated by at least one thiolato group and two diatomic ligands. In this thesis
only the [NiFe]-containing class was investigated and is further refereed to. These en-
zymes consists of at least two subunits which harbor either the [NiFe] site or three FeS
clusters. Albeit, the subunit and cofactor composition can vary substantially between
different [NiFe|-hydrogenases. Basic catalytic activity can already be achieved by only
one additional FeS cluster and the active site.'3! Enzymes isolated from the anaerobic,
sulfate-reducing bacteria of the group Desulfovibrio are well studied and in the following
structural and catalytic relevant features will be discussed on the basis of these so-called
“standard”[NiFe|-hydrogenases. This class are globular proteins which consists of a large
(~ 60 kDa) and a small (~ 30 kDa) subunit. The latter harbors the FeS clusters, whereas
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4. Theoretical Background

the bimetallic center is connected to the protein shell via two bridging and two terminal
cysteine amino acids in the large subunit (see Fig. 4.2). Furthermore, the iron is bound by
three unusual inorganic and isoelectronic ligands, one carbon monoxide and two cyanides.

This unprecedented biological coordination keeps the Fe in its low spin (S = 0) ferrous
6,186,210,261

form while the Ni is formal redox active.®

Figure 4.2. Crystallographic representation of the “standard”[NiFe]-hydrogenase from Desulufovibrio
vulgaris Miyazaki F (pdb code: 1WUJ). The large and small subunit are colored in green
and red, respectively. FeS clusters are shown in yellow and light green and the [NiFe] active
site is enlarged schematically, the X represents variable ligands in the bridging position.

Finally, a third variable bridging ligand is observed in most redox intermediates (see
Fig. 4.2).1% With respect to the individual redox states, electron density is reorganized
at the active site. These alterations lead to differences of the normal mode stretching fre-
quencies of the inorganic Fe-bound ligands which exhibit intrinsic o-donor and m-acceptor
characteristics. These inorganic ligands are considerably sensitive probes and in combi-
nation with IR spectroscopy a powerful tool to monitor structural and electronic changes
at the catalytic center.?%5362190 Since the [NiFe] active site is deeply buried within the
protein matrix, three enzymatic pathways are required, one for hydrogen gas supply and
the other two for electron and proton transfer. During Hs oxidation, dihydrogen access
is suggested to occur via hydrophobic gas channels. 19169266 The released electrons are
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4.3. [NiFe|-hydrogenase

shuttled via [FeS] clusters towards different cellular electron carrier, such as cytochromes
or NAD(P)".3%135 Additionally, proton transfer pathways have been proposed but are
still under debate. 1176245

The [NiFe]-hydrogenases are subdivided in five classes. Historically, conserved amino
acid sequence patterns were the basis for this classification. Nevertheless, enzymes of
the individual groups share common motifs regarding their structure, physiological func-
tion and location inside the cell.?®%% Group 1 hydrogenases represent membrane-bound
periplasmic proteins which couple hydrogen oxidation to the respiratory chain. The
emerging protonmotive force is used to generate adenosine triphosphate (ATP). The
2" group includes both cyanobacterial uptake and hydrogen sensing [NiFe]-hydrogenases
which may be engaged in energy conversion or regulation of hydrogen metabolism on the
cellular level. Bidirectional heteromultimeric cytoplasmic [NiFe|-hydrogenases form group
3. These enzymes couple the reversible cleavage of Hy to the reduction of an additional
cofactor substrate, such as NAD(P)*. Their catalytic bias operates reversibly and their
physiological function relies upon the cellular metabolic conditions.%3! High sequence ho-
mologies are observed between bidirectional [NiFe]-hydrogenases and Complex 1 as well
as other NADH oxidorecdutases. 2182187218219 A thermophilic group 3 hydrogenase was
extensively characterized in this thesis in chapter 6.1. The forth group is composed
of membrane-associated, energy-conserving [NiFe]-hydrogenases. These enzymes couple

hydrogen generation by oxidation of organic compounds under strictly anaerobic condi-
tions, 215,216,258

4.3.3. Redox Intermediates

[NiFe]-hydrogenases are capable of working under aerobic and anaerobic conditions (see
Fig. 4.3). Early EPR studies on these enzymes revealed two different inactive states:
Ni,-A and Ni,-B.6%2%6:262 Nj _A one is an unready species which comprises a slow ki-
netic reactivation, whereas Ni,-B reactivates faster. Crystal structure analysis of Ni,-A
in different organisms report either an p-OOH™ or u-OH™ and a sulfenato ligand, re-
spectively. A recently combined EPR and DFT study further supports the hydroxide
ligation. 1325174175263 However, a final assignment is still missing. In the Ni,-B state it
was shown that the bridging position is occupied by a hydroxide species. 279262 Reduction
by one electron leads to the formation of the Ni,-S and Ni,-S states, respectively. These
two Ni(II) species are still inactive and it has been suggested that they still bear their
respective oxygen ligand. Two sub-forms of the Ni,-S state were identified which proposed
differences in protonation and a variety of structures were proposed. 204452144 Recently,
the acid-base equilibrium between the Ni-SI,. and Ni-SI, state was investigated. The pho-
toactivation in combination with isotope exchange experiments revealed the formation of
a water molecule at the active site rather than a protonation effect of a terminal cys-
teine.?*” If the water molecule is released from this species the first catalytically relevant
state, Ni,-S/Ni-SI,, is formed. This EPR-silent species exhibit an unusual see-saw geome-
try and a vacant bridging position. 2”199 A second one-electron reduction produces the
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4. Theoretical Background

third paramagnetic Ni,-C state.?1:63:6425 Spectroscopic investigations revealed a hydride
in the p-position between the Ni and the Fe.?*18! Photolysis transforms Ni,-C into Ni-L
which is trapped at low temperatures, but can be reversed at elevated temperatures. Ni-
L exists in up to three different sub-forms.?3>216 As a result of this (photo)-conversion,
the hydrido ligand dissociates as a proton possibly to a nearby base. Ni,-C and Ni-L
are clearly separated in EPR spectroscopy by their corresponding g-values. This find-
ing has promoted the assumption of a Ni(I) species. However, for a Ni(I) compared to
Ni(IIT) state higher K-edge shifts would be expected but were not detected in XAS.5!
Therefore, the two hydride-derived electrons could create a metal-metal bond. In this
regard, Ni-L might be rather described as a prototropic form of Ni,-C.!12 Alternatively,
Ni-L might be a further putative redox intermediate, since it was observed for Hyd1 from
Escherichia. coli (E. coli) at ambient temperatures as well as in a recent ultra fast IR
study. 80:81:93:164 Tnterconversion of Ni,-C by one further electron leads to the most reduced
state termed Ni,-SR. This EPR-silent species carries a p-H™ and a protonated terminal
cysteine. 1176177 Using IR spectroscopy three sub-forms of this species could be iden-
tified. How they differ particularly from each other regarding their electronic structure
and /or protonation state is yet not assigned. %
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: oX
Ni**OOH Fe?* Ni>* OH Fe?*
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-1HT |y 1H7 - 1H* |y 1HY
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Ni2+H Fe?*
Cys-H
red

Figure 4.3. Schematic representation of redox states of [NiFe]-hydrogenases. The red-labelled species
are only found in Osg-sensitive enzymes. The formal [NiFe] oxidation state is described
for each individual intermediate. The presumable third bridging ligand is listed as stated
below the species. The subscript nomenclatures are correlated to the catalytic behavior
of the individual redox state: a = active, r = ready, u = unready. This schema represents
the minimum set of redox intermediates found in [NiFe]-hydrogenases. Especially, soluble
hydrogenases, e.g. from Ralstonia eutropha, exhibit significant differences. For further
reading see chapter 4.3.5.
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4.3. [NiFe|-hydrogenase

4.3.4. Catalytic cycle

Hydrogenases catalyze the reversible conversion of Hs into protons and electrons. How-
ever, the activation of the dihydrogen bond is a chemical challenge. Since the molecule
is nonpolar and a very weak acid, the H-H bond is very strong and substantially inert.
Consequently, breaking the H-H bond demands prior activation which could, in principle,
be achieved by two different mechanisms.?3" In the following section fundamental physico-
chemical properties of this reaction are outlined and discussed. It should be noted that the
correct reaction mechanism is still not completely understood. In general, there are two
possibilities for dihydrogen activation, oxidative addition and heterolytic cleavage. The
latter one requires a polarization of the H-H bond by a frustrated Lewis pair. This term
refers to a Lewis acid as well as a Lewis base which are, due to steric hindrance, unable
to react with each other. In this case, the Lewis base could be an unprotonated amino
acid residue and the Lewis acid an electrophilic transition metal (see 4.4 A). On the other
hand, oxidative addition would occur through populating the antibonding o* orbital of
the Hy molecule. This would create a dihydro complex (see 4.4 B and C).27:138,140

Essentially, the catalytic reaction follows a certain sequence. First, the Hy molecule
binds to the active site, secondly the H-H bond is broken and finally, the resulting pro-
tons and electrons are removed towards the cellular electron acceptor(s). The Ni,-S state
is suggested to be the first catalytically relevant intermediate which adopts an unusual
see-saw geometry. 2”103 During this process it is proposed that a side on Hy o-bond com-
plex is formed. While previous studies implied dihydrogen complex formation at the Fe
more recent experimental analysis of possible gas channels and theoretical studies indicate
H, binding at the Nji.26:27:123,138,160237 Tn) Pie 44 A the heterolytic splitting reaction is
displayed. Starting from the Ni,-S state, binding of dihydrogen would yield the Ni,-SR
state, which is the most reduced active species. In general, either one or both of the
metals act as the Lewis acid and the terminal cysteines are the proposed Lewis base or
putatively, the arginine located close to the active site.26:13%237 Formal abstraction of one
proton and one electron leads to the paramagnetic Ni,-C state. Form this point a sec-
ondary proton and electron transfer to the protein would end up with Ni,-S and a new
redox cycle could start (indicated by the dashed line). However, Lill et al. introduced
another possible intermediate, Ni,-R*, which differs from Ni,-C by the position of the
proton and the electronic structure of the Ni. This proposed species is similar to the
observed Ni-L state and may represent an isomer to Ni,-C in the catalytic cycle.®® In
a recent ultra fast IR study, the presence of two new Ni(I)-I states, comparable to Ni-L,
were confirmed. As a result, transient Ni(I/III) states my be further involved in cataly-
sis.8! Alternatively, a reaction schema for homolytic cleavage was published by Bruschi
and coworkers where a transient dihydro complex at a Ni(IV) core is formed (Fig 4.4,
B). Afterwards, the generally observed reduced states are generated.?” This interesting
proposition of a dihydro species would also account for the two vacant coordination sites
at the Ni, regardless, whether the splitting reaction occurs via homolytic or heterolytic
cleavage. Finally, another suggested reaction mechanism (Fig 4.4, C) for oxidative ad-
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Figure 4.4. Suggested heterolytic (A) and homolytic (B, C) cleavage mechanisms for dihydrogen.
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4.3. [NiFe|-hydrogenase

dition involves the Ni,-R* state as starting point. The addition of a Hy molecule would
create the Ni-X state which contains a Ni(III) ion bound by a bridging and a terminal
hydrido ligand. Removal of one proton and one electron yields again the Ni,-SR state.
This proposal excludes the Ni,-S state from catalysis except for the first cycle. The au-
thors claim that the oxidative addition is energetically favored over heterolytic cleavage.
However, both mechanisms include transient and so far unidentified Ni(III/IV) dihydro
species. Nevertheless, the experimentally detected species do not favor one mechanism
and thus, hydrogen activation may occur one way or the other.

The above outlined details are still insufficient in illustrating the underlying principles
in hydrogen cleavage. Especially, considering the biological unusual inorganic ligation
sphere of the Fe. This unprecedented coordination seems to be a common and catalytic
relevant feature in nature. The understanding of the involvement of the CO and CN~
ligands prevail largely evasive.?”!?* While this moiety was demonstrated to be necessary
for Hy binding at the Fe, their functional role is less coherent for the suggested hydrogen
binding and cleavage at the Ni atom.>2734123:138 Both, the CO and the CN~ molecules
are strong field ligands which may alter the metal-metal interactions by tuning the active
site’s Lewis acid properties or influence the metal substrate chemistry. Notably, the CO
ligand has an amphoteric character and is defined by its o-donor as well as m-acceptor
capabilities. The latter may support the catalytically important reversible binding of
hydrido ligands, especially in the bridging position. As a result, the metal center and its
interactions with the protein environment require further analysis.

4.3.5. Soluble Hydrogenase

Compared to standard hydrogenases illustrated in section 4.3.3 bidirectional [NiFe]-hydro-
genases show differences in their redox behavior. The observed states are displayed in 4.3
on the right panel. In case of the Oa-tolerant or soluble hydrogenase (SH) the Ni,-A
state is missing. Furthermore, an IR stretching frequency similar to the Ni,-B species
from standard hydrogenases is experimentally observed, however it is not EPR active
and was therefore termed Ni,-B-like. In addition, a second reduced state, Ni(II),-SR2,
was detected. The underlying physicochemical properties are still a matter of debate.
Regardless of those shortcomings, hydrogenases inherit a huge potential in the production
of H2.

The best studied SH model so far is obtained from the organism Ralstonia eutropha
(Re) which consists of six subunits. It directly couples dihydrogen oxidation to NAD™
reduction and wvice versa. The two moieties HoxH and HoxY form the hydrogenase and
HoxF and HoxU the diaphorese module.??%2! In particular, HoxH harbors the deeply
buried [NiFe| active site. HoxY contains one flavin mononucleotide (FMN-a) which func-
tion is still unknown as well as one [4Fe4S] cluster. In HoxU one [2Fe2S] and two [4Fe4S]
are found. Finally, the last [4Fe4S] cluster is located in HoxF together with the sec-
ond FMN-b where NAD(H) production or consumption takes place.'%3? Two further
subunits, HoxI which are supposedly bound to HoxF, complete the enzyme.3? The re-
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Figure 4.5. A) the structure of standard [NiFe]-hydrogenases and B) proposed structure of the as-
isolated SH from Hydrogenophilus thermoluteolus?3*

markable Oy tolerance and the high turnover rates of the ReSH is very attractive to be
used in both in vitro and in vivo studies for Hy-driven NAD(P)H cofactor regeneration in
biotechnologically relevant applications. 12%296:207 Regardless of its very efficient NADH re-
cycling, the ReSH lacks temperature stability.?°? In this work, a thermostable SH version
from Hydrogenophilus thermoluteolus TH-17 ( Ht) was characterized (see 6.1). This organ-
ism been described as an aerobic, facultatively chemolithoautotrophic, hydrogen-oxidizing
microorganism, which - like Ralstonia eutropha - belongs to the phylogenetic class of [3-
proteobacteria.”? It shows optimal chemolithoautotrophic growth with a Hy:05:CO, gas
mixture of 7:2:1 at a temperature of 52 °C.7® This suggests the presence of at least one
Os-tolerant [NiFe|-hydrogenase. Indeed, a recent study confirmed the presence of an SH-
like enzyme in the moderate thermophile.?*® However, neither the corresponding genetic
information nor a physiological or spectroscopic characterization of the HtSH is so far
available.?*® As outlined in chapter 6.1 DNA sequence of the structural genes of the four
HtSH subunits in addition to the gene encoding the HtSH-specific endopeptidase are
presented. The HtSH was recombinantly overproduced in R. eutropha and - upon pu-
rification - characterized by means of bio-chemical and spectroscopic methods. It turned
out to be the first characterized [NiFe]-hydrogenase that performs Hy-driven NAD™ re-
duction at elevated temperatures and in the presence of Os. In a recent work, the first
crystal structure of a soluble [NiFe|-hydrogenase from Hydrogenophilus thermoluteolus was
solved.?** Compared to the proposed structure of the active site of the ReSH (Fig 4.5, A)
the authors describe the shift of one terminal cysteine in the bridging position (Fig 4.5,
B). In addition, the Ni atom is further coordinated by the carboxylate group of Glu32.
This unusual ligation may be the reason for its unprecedented spectroscopic properties
described in 6.1. and remains a vivid pool for investigations.
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4.4. [NiFe] model complex

4.4. [NiFe] model complex

Oxygen tolerance of [NiFe|-hydrogenases is an emerging field within the research commu-
nity. While many model complexes aimed in reproducing reduced catalytic intermediates,
less attempts were done for the oxygenated active site.?!”

H
A Cys—S,,/‘ /O\ CN B \NNé I|3r
CyS_S/NI ,,,“”IS“““,Fe‘:\‘CN \ :Ni"'S'“'"""Fe\
\\_l co < NS Br

s—<0 \(S_OI
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Figure 4.6. Proposed model of the oxygenated active site (A) and crystal structure of the synthetic
[NiFe] complex (B)!40

The “Knallgas” bacterium Ralstonia eutropha (Re) harbors four different hydrogenases.
So far, the oxygen tolerance remains unclear for the actinobacterial [NiFe]-hydrogenase,
whereas for the other three enzymes different strategies were suggested.2?47:67,105.129 T
particular, the oxygen tolerance of the membrane-bound hydrogenase from this organism
is very well studied. Here, the proximal [4Fe3S] cluster plays a crucial role.®”" For the
bidirectional NAD"-dependent soluble hydrogenase such as mechanism was ruled out by
a combination of mutagenesis, IR and EPR studies.'!® Recently, a (per)oxidase-like ac-
tivity was detected. 03105129 Tt is proposed that by tautomerization of a hydroperoxido
species a bridging cysteine residue is reversibly oxygenated (see Fig. 4.6, A ). Depending
on the position of this u-oxo ligand the vibrational frequencies of the inorganic ligands
are changed, especially, more pronounced for the CN~. This indirect finding promoted
the assumption of a sulfenate moiety. Nevertheless, a direct experimental evidence is still
missing. In order to further elucidate structure-function relationships a novel oxygenated,
heterobimetallic [NiFe| complex was synthesized (see Fig. 4.6, B). This model provides a
better understanding whether such a mixed thiolato and sulfenato bridging structure is
stable as well as as a reference for (vibrational) spectroscopic studies of the corresponding
enzymes. As mentioned above, modeling of [NiFe| active sites has so far concentrated on
catalytic relevant reduced states and their inherent reactivity. Molecular mimics of the
interaction of Oy with the heterobimetallic [NiFe] active site are rare. Ogo and coworkers
recently monitored the activation of oxygen at [NiFe| complex at low temperatures. How-
ever, this attempt led to a Fe(IV) side-on peroxido species which exhibits no biological
counterpart. ''” Other S-oxygenated models of mononuclear and homobimetallic [FeFe] thi-
olato complexes were published by the groups of Darensborough and Weigand. 4977269275
However, up to date, heterobimetallic S-oxygenated [NiFe|] complexes with mixed thiolato
and sulfenato bridging moieties have not been reported to date and are further outlined
in chapter 6.2.

35



4. Theoretical Background

4.5. Molybdenum cofactor

4.5.1. Importance of carbon dioxide reduction (in life)

The extensive use of fossil fuels has dramatically increased the atmospheric concentration
of carbon dioxide. The resulting green-house effect is of mayor concern in global warm-
ing. Therefore, providing efficient solutions to overcome this problem is an urgent research
challenge. The low cost and its abundance makes CO, an interesting synthetic compound
for the chemical industry. However, carbon dioxide exhibits a high thermodynamic and
kinetic stability which hampers its activation in laboratory and large-scale processes.
Therefore, catalysis has to be implemented to solve these challenges by using renewable
and cheap materials in a sustainable fashion.*! In this context, the aim of decreasing CO,
emissions through chemical conversion represents an inspiring approach. It is evident that
CO; transformation by biological and/or bio-inspired synthetic catalysts into a variety of
chemicals would be a beneficial solution. However, in order to apply novel catalysts in an
industrial scale, it is necessary to fully understand their physico-chemical properties and
the underlying reaction mechanisms. In biology, CO, fixation occurs widely and several
pathways have been established, such as the reduction to carbon monoxide, the addition
to ribulose and/or the reduction to formate.*™ Especially, the latter reaction is of par-
ticular interest with respect to large scale industrial production because it would provide
an alternative fabrication route. Nature has evolved molybdenum- (Mo) and tungsten-
(W) cofactor containing enzymes. These so-called formate dehydrogenases (FDHs) are
widely spread in archea and bacteria.’® Here, the formate molecule is a key intermediate
in the microbial fermentation cycle. It further serves as an energy metabolite as well as
an electron donor during anaerobic respiration. 3% The fundamental goal is to investigate
how these enzymes fine-tune the electronic structure of their cofactor and how individual
transitions states are generated within the catalytic cycle. The elucidation of these infor-
mation will help to optimize synthetic molecular catalysts for future CO, transformation
approaches.

4.5.2. Maturation

Molybdenum- or Tungsten-containing enzymes can be divided into different phylogentic
groups depending on the catalyzed reaction, such as i) the Xanthine Oxidase Family, ii)
the Sulfite Oxidase Family and iii) the Dimethyl Sulfoxide (DMSO) Reductase Family. %
In this work, only a FDH from the latter group has been investigated. Therefore, further
information given in this thesis will focus just on this particular cofactor.

The DMSO Reductase family is exclusively found in prokaryotes. The active site con-
tains a Molybdenum or Tungsten cofactor, within this thesis referred to as Moco, which
comprises a bis-molybdopterin guanine dinucleotide (MGD). The fifth ligand is either a
sulfur or an oxygen. Hexa-coordination is achieved by binding of a hydroxo or an amino
acid. So far, serine, cysteine, selenocysteine and asparagine were depicted as possible can-
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Figure 4.7. Moco biosynthesis pathway for the DMSO Reductase family.
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didates. The maturation process is highly conserved in bacteria and archea and can be
divided into four steps (see Fig. 4.7 .59 The first substrate in the biosynthesis of Moco
is 5’-guanosine triphosphate (GTP) which is transformed by the accessory proteins MoaA
and MoaC to cyclic pyranopterin monophosphate (cPMP).2%27 Within this cascade of
reactions the Cg of GTP is inserted between the Cy and Cs of the ribose.'%%'57 The sec-
ond step involves the molybdopterin (MPT) synthase. This is a heterotetrameric (a/3)s
complex which consists of two MoaD and MoakE proteins. 2! Their function is to bind two
sulfur moieties to the Cy» and Cy atoms of the cPMP. 48189193 The first sulfuration occurs
at the Cy position by one MoaD-SH enzyme resulting in a hemisulfurated molecule. This
particular reaction is coupled to the hydrolysis of the phosphate group of the cPMP. 48278
After this ring opening it is proposed that that the hemisulfurated intermediate shift its
location within the MoaE protein. As a consequence the Cy/ position becomes accessible
for the second sulfuration attack. The remaining thioester is hydrolyzed and MoaD and
, as products, are released. In the third step the molybdenum atom is inserted to the
MPT. This process is catalyzed by the MoeA and MogA proteins. 19917 Here, MoeA uses
adenosine triphosphate (ATP) to produce a MPT-AMP (Adenosine monophosphate) in-
termediate and MogA transfers the Molybdenum. 1?4170 At this stage, the Moco posses a
tri-oxo ligation which is its basic form. Now, it can either be directly incorporated into
enzymes of the Sulfite Oxidase Family or further modified by nucleotide addition and ex-
change of oxo ligands. 2% In the forth step the bis-MGD is assembled which is catalyzed by
the MobA protein. This two-step reaction requires GTP and the Mo-MPT as substrates.
First, the bis-Mo-MPT is synthesized and then two guanosine monophosphate (GMP)
molecules are added to the phosphates resulting in the bis-MGD. 2718 This bis-MGD
can now be used as active site by members of the DMSO Reductase family. However, for
the FDH of Rhodobacter capsulatus (Rec) a further modification of the Mo ligation sphere
is necessary. The oxo ligand has to be substituted by a sulfido moiety.?? The importance
of the active site ligation sphere was thoroughly investigated in this thesis and is outlined
in chapter 6.3 showed that the accessory assembling proteins FdsC and FdsD are essential
for enzymatic activity. Surface plasmon resonance measurements exhibited an interaction
between FdsC, FdsD and MobA. FdsD might play a role in oxygen protection of the Moco,
since it is only discovered in organisms which obtain an oxygen-tolerant FDH (see Fig.
4.8).21

4.5.3. Enzymatic Structure and Function

The NAD-dependent and Molybedenum-containing FDH from R. capsulatus is the first
discovered oxygen-tolerant enzyme. It harbors a Moco as active site, five [4Fe4S], two
[2Fe2S] clusters, a flavin mononucleotide (FMN) (see Fig. 4.8) and catalyzes the oxida-
tion of formate to CO, by subsequent reduction of NAD"™ to NADH, which provides its
electrons to the respiratory chain.® The R. capsulatus FDH forms a (a,3,7)2 heterotrimer
(see Fig. 4.8). The complete characterization of this complex by Hartmann et al. showed
that the a-subunit binds the bis-MGD cofactor.®® So far, the redox chemistry is purely
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co,

NADH NAD*

Figure 4.8. Schematic overview of the FDH and its accessory assembling proteins. The three subunits
FdsA, FdsB and FdsG form the FDH which dimerizes.

discussed on different oxidation states of the Mo atom and less attention has been paid to
the ligation of the entire cofactor. In particular, as the MPT is highly versatile in adopting
different redox states, as well. It is proposed that the dithiolene moiety modulates the
electronic structure of the Mo atom and therefore, controls its redox properties. 19%:257:273
For instance, the dithiolene chelate is capable of forming three redox conformations. It
can either be obtained in its dithiolene form (dianion, 1), radical anion (2) or dithione
(fully oxidized, 3) as displayed in Fig 4.9, 153:163,166,183

R, S R4 S
+ e + e
—_— [—
-~ -~
-e -e
Ry S Rz S
1 3

Figure 4.9. Different redox states of the dithiolene unit

These redox tuning effects are mediated by the conjugation of the covalent system be-
tween the sulfur, the carbon backbone of the pyrano ring and the heterocyclic pterin. '%*
Furthermore, the dithiolone is able to adopt strong structural distortions. Higher Mo
oxidation states generate stronger fold angles which are observed in crystal structures of
various Moco enzymes.These structural variations also influences the electron donation
and accepting properties. 99?7 Using these two types of modulation the dithiolene moi-
ety is commonly referred to as an “electronic buffer 2™ The second redox active part of
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the MPT is the pterin heterocycle. As displayed in Fig 4.10 the pterin can undergo two
proton-coupled one electron reductions to 5,6,7,8-tetrahydropterin. In general, nitrogen-
rich molecules are considered as electron-poor compounds. This deficiency will remove
electron density from the dithiolene group. Multiple tautomers of the pterin such as the
semi-reduced form could additionally fine-tune the electronic environment. Especially,
considering that, these structures often differ strongly from ideal octahedral and trigonal
prismatic orientations.?'? Since, the organic part of the bis-MGD cofactor is not cova-
lently bound to the enzyme, H-bonding is critical to ensure an appropriate conformation.
Many functional groups are located at the pyranopterin moiety. Modulation in these
H-bonding interactions might be a possibility of how the protein scaffold communicates
with the active site. Finally, the pyran ring can undergo ring opening and cyclization
reactions. "8 Currently, there are many X-ray structures of Moco-containing enzymes
available, which exhibit a fully reduced MPT cofactor bound to Mo. However, in a few
bacterial examples the dithiolene ligands emerge as a mixture of closed-cyclic as well an
open pyrano ring conformation.?!224%2™ Tt is not understood whether these open ring
formations are a result of radiation damage or naturally occurring.

0 0 o)
) N
N N N
HN | XY + 2 HY HN | X + 2 HY HN |
J\ = +2¢€ J\ +2¢€ J\
HaoN N N HaN N H HaoN N H
pterin 7,8-dihydropterin 5,6,7,8-tetrahydropterin

Figure 4.10. Different redox states of the pterin heterocycle

In a recent publication the crystal structure of the formyl-methanofuran dehydroge-
nase was solved which catalyzes the reduction of COs to formyl-methanofuran. Its W-
containing metal center comprise high homology with solved FDH structures. %7 9%25% Tt is
striking how highly conserved peptide residues around the active site of FDHs are despite
their differences in subunit composition and cofactor binding. For instance, one histidine
and one arginine are found close to the active site in all Mo and W-containing FDHs.
Single point mutations of these two residues lead to dramatically increased K,,; values
and underline their importance for a proper catalytic function. %%

4.5.4. Catalytic cycle

Since the first crystal structure of the E. coli FDH-H was reported in 1997 several cat-
alytic mechanisms had been proposed.?? Based on the FDH-H structure a hexacoordinated
Molybdenum atom was suggested. Its ligation sphere was interpreted to consist of two
bis-MGD cofactors, a selenocysteine (SeCys) and a OH™ (see Fig. 4.11, A). The authors
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Figure 4.11. A Catalytic mechanism proposed by Boyington et al.?? and B catalytic mechanism sug-
gested by Raaijmakers?°? and C sulfur shift mechanism introduced by Mota '62 and D
hydride abstraction presented by Tiberti?49

deduced that the formate coordinates directly to the Mo(VI) and replaces the hydroxide
ligand. After cleavage of the formate C-H bond, the two electrons are transferred to the
Mo and COs is released. The OH™ ligand is newly generated from water thereby restoring
the active site.®?%116 In a second refinement of the structure by Raaijmakers et al. the
hydroxide group was replaced by an sulfur atom which was hypothesized to be either a
sulfido or a thiol group (see Fig. 4.11, B). Additionally, a peptide loop was reinterpreted
to be closer to the active site. This remodeling led to a different mechanism where the
formate replaces the SeCys followed by proton transfer to the subsequently free selenol
group. Leopoldini and coworkers investigated the thermodynamics of the formate oxida-
tion reaction pathway at a Mo-cluster using DFT. In their study the activation energies
support the assumption that the proton is abstracted by the selenol moiety. 137199200 A
more extensive computational study including peptide residues around the active site with
a predicted involvement in formate oxidation was published by Mota et al.'®? They pro-
pose a (partial) bond between the sulfido group and the SeCys which is a consequence of
the aerobic purification of the enzyme. Therefore, an activation step is required involving
the so-called “sulfur-shift”(see Fig. 4.11, C). Here, the Selenium shifts out of the first
coordination sphere of the Mo while forming a bond with the sulfido group and remain-
ing in the second coordination sphere. This interpretation is based on the carboxylate
shift observed for other systems.?6°"" After this activation a vacant coordination site at
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4. Theoretical Background

the Mo is exposed and leads to the binding of the substrate. Formate oxidation occurs
via a two step reaction. First, the proton is abstracted by the SeCys and second CO,
and two electrons are released thereby leaving a pentacoordinated Mo atom which can
directly undergo the next catalytic cycle. However, this model is unable to confirm the
Mo®* oxidation state which is observed in EPR studies. %162 The last mechanisms based
on DFT studies was reported by Tiberti and coworkers.?* Here, a hydride attack at the
Mo ion is suggested (see Fig. 4.11, D). Nevertheless, all the computed structures of the
Moco are only coordinated by five sulfur atoms which is clearly disproven by recent X-
ray absorption spectroscopy (XAS) and resonance Raman data described in this thesis in
chapter 6.3.22

In the past years two mechanisms have been published which are based not only on
crystallographic and DFT studies but also on spectroscopic investigations. These two
catalytic cycles are shown in Fig 4.12. Based on EPR spectroscopic data of the Mo’*
oxidation state, Niks et al. propose a hydride attack at the sulfido group of the Moco
(see Fig. 4.12, A).1™ This assumption is based on the fact that a proton hyperfine cou-
pling is detected upon reduction of the enzyme. The authors relate this to one strongly
coupled proton near the active site. Similar couplings have been monitored in DMSO
reductase, where hydride binding is also involved.!” In incubation experiments with [*H]-
formate this proton hyperfine splitting disappears but is regained if the sample is thawed,
then incubated shortly at room temperature and afterwards refrozen. In consequence,
the deuteron/proton is considered to be solvent exchangeable. Interestingly, a hyperfine
coupling is also found in the dithionite reduced sample in which the proton has to be
generated elsewhere. If the potential of the reductant is negative enough, this foster for
Mo®* generation with unknown proton position. It is obvious, that a magnetic coupling
is present upon reductive treatment of the FDH. Albeit, its origin is not fully under-
stood, yet. The mechanism proposed by Niks confirms certain features in the recorded
EPR spectra. However, the Mo%* as well as the Mo*t states are EPR silent and were
not made accessible by other spectroscopic techniques.® A recent kinetic study by Maia.
et al. carried out on the FDH of Desulfovibrio desulfuricans. Thereby, the FDH was
also treated with cyanide overnight, resulting in an inactive enzyme. In Xanthine dehy-
drogenases it is knwon that incubation with CN~ leads to a desulfurization (Mo=S to
Mo=0 conversion) of the active center. The released product SCN~ was subsequently
measured by the SORBO assay, which is reversible under suitable reaction conditions. 67
Regardless, no SORBO assay was performed by Maia. Albeit, no reversibility test was
carried out, the authors assume the DdFDH reacts in the same way as the Xanthine
dehydrogenase. Thus, they suggest the enzyme inactivation results from the SCN~ for-
mation, thereby designating the sulfido group essential for catalysis. But, the authors do
not perform any further (vibrational) spectroscopy in order to prove their interpretation
of the desulfurization. In conclusion, they support, based on the necessity of the sulfido
group at the Mo ion, the hydride attack mechanism proposed by Niks. Contrarily, such
a prolonged incubation with CN~ may also lead to a coordination of the corresponding
cofactor metals. As shown recently in an IR spectroscopic study of the Carbon monox-
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4.5. Molybdenum cofactor

ide dehydrogenase from Carboxydothermus hydrogenoformans, that revealed a leaching of
cofactor metals to [M(CN™),].*? Therefore, such an alternative metal coordination might
be a more sophisticated explanation for the enzyme’s inactivation.
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Figure 4.12. A hydride attack mechanism proposed by Niks et al.
the Molybdenum suggested by Hartmann et al.3®

A different catalytic cycle is established by Hartmann and coworkers (see Fig. 4.12,
B).8899225 Here, a direct formate binding at the Mo ion was suggested. As mentioned
above, a prerequisite is for this reaction is a vacant coordination site which is provided by
the dissociation of the Cys386. The latter abstracts then the proton, while the electrons
are transferred to the Moco and CO, is subsequently released. Additionally, the work
included the investigation of the reduction of nitrate to nitrite as alternative reaction of
the RcFDH. Such oxo transfer reactions have been reported for several Mo-containing
enzymes.” The RcFDH nitrate reduction activity is 4 orders of magnitude lower than its
formate oxidation. Thus, it has no physiological purpose. Nevertheless, such a reaction
type would only be feasible if the Mo displays a vacant coordination position. In addi-
tion, an iodacetamide assay coupled to a mass spectrometric investigation was performed.
The mass analysis shows explicitly that this chemical reacts with the free sulfur group of
Cys386, thereby inactivating the enzyme.“ Replacement of this residue by single point
mutation leads to an inactivity regarding formate oxidation but not nitrate reduction.
Thus, these experiments underline the importance of the Cys386 during catalysis. Fur-
thermore, our theoretical calculations exhibit stronger binding energies to the Mo%* redox
state for formate binding compared to cysteine (see chapter 6.3). The proposed mech-
anism highlights the necessity of Cys386 but cannot explain the observed paramagnetic
phenomena upon reduction. As shown by earlier XAS studies the active site of the WT is
a hexa-coordinated Molybdenum ion in oxidation state 6+, which is ligated to two dithi-
olene moieties, a cysteine and an inorganic sulfido ligand.??® However, the data displayed
a 50/50 mixture between an oxo and a sulfido species. Furthermore, the authors observed
noninteger numbers of Mo-O bonds which indicate heterogeneity at the active site. So
far, this is the only work describing a reduced Mo*t species, which coordinates to the
oxygen of a putative formate molecule. If this metal-oxo bond truly derives from formate
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binding or represents in parts the mixed oxidation states and/or differences in the ligation
sphere of the Moco awaits further analysis. Contrary to other experimental findings, no
structural interpretation for an EPR-active intermediate is provided by the XAS data.
Notably, a recent electrochemical study the direct binding mechanism is supported. Here,
the inhibition of the Moco by azide and several small molecules was investigated. The
authors show that the inhibition was stronger in the Mo%* than in the Mo** state.?!!
However, no spectroscopic evidence was supplied, which could prove the Mo**-N3 bind-
ing. An IR spectroscopic approach to verify this argumentation was experimentally and
theoretically performed in chapter 6.3 of this thesis.

In conclusion, both spectroscopically derived catalytic cycles cover specific aspects of
the experimental observations but also have inherent shortcomings to explain the entity
of recorded (spectroscopic) data. Therefore, more work is necessary in the future to solve
open questions.
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5. Methods and Materials

5.1. Gene sequence and cloning

5.1.1. [NiFe]-hydrogenase

Sequence alignment, gene cloning, cell growth, protein purification and biochemical anal-
ysis were carried out by Janina Preissler and supported by Dr. Lars Lauterbach from the
group of Dr. Oliver Lenz at the Technischen Universitét Berlin.

The HtSH-derived gene cluster containing hoxFFUYHW was amplified by PCR using
the primers

5’-agaacctgtacttccagggegeaacacgaggaggaggaac-3’

and

5’-cteggtacceggggatecatacctectettegtgeggtgaaaaaac-3’

and genomic DNA from Hydrogenophilus thermoluteolus TH-17 as template. The under-
lined bases of the primers are complementary to plasmid pGES837, which is a pCM66 5!
derivative carrying a Xbal-BamHI-cut fragment from plasmid pGE770'% with Psu—_strep
hoxF from Ralstonia eutropha H16 followed by a sequence encoding a GGGENLYFQG
linker with a TEV cleavage site (underlined residues). Plasmid pGE837 was linearized by
inverted PCR using primers 5’-atggatcccegggtaccga-3” and 5-gecectggaagtacaggtteteg-3,
and the 7.9-kb product served as recipient of the Ht hotFUYHW PCR amplicon, which
was inserted according to the Gibson Assembly® manual (New England BioLabs). The
resulting plasmid carries the Ht hortFUYHW genes under control of the SH promoter of R.
eutropha®?, whereby the 5’ end of the hozF gene was equipped with a linker sequence and
a Strep-taq Il encoding sequence. A Pgy — hogire, 'UHY W fragment was cut out with
Ecob3KI and Xbal and the resulting 5.7 kb fragment was inserted into the Scal-Xbal-cut
vector pEDY309.'*® This yielded plasmid pJP09, which was subsequently transferred by
conjugation to R. eutropha HF1054, which is a HF42415? derivative carrying an additional
inframe deletion in the hozl gene.

5.1.2. Formate dehydrogenase

Sequence alignment, gene cloning, cell growth, protein purification and the entire bio-
chemical analysis were performed by Dr. Tobias Hartmann and PhD. Benjamin Duffus
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from the group of Prof. Dr. Silke Leimkiihler at the Universitat Potsdam. In the following
a brief review is given as published elsewhere.%®

The construct for expression of the Rhodobacter capsulatus fdsGBACD operon was
cloned after PCR amplification of the gene with respective primers using chromosomal
R. capsulatus DNA as template. The fdsGBACD DNA fragment was ligated into the
pTrcHis vector with Nhel-Sall restriction sites, and the resulting plasmid was designated
pTHfds05. The fdsG, fdsB and fdsA genes were introduced into the pTrcHis vector
after PCR amplification with the Nhel-Sall restriction sites, and the resulting plasmid
was designated pTHfds04. For coexpression, fdsC, fdsD and fdsCD were cloned into the
Ndel-Xhol sites of the pACYCduet-1 vector, and the resulting plasmids were designated
pTHfds03, pTHfds12, and pTHfds07, respectively. The fdsG and fdsB genes encoding the
diaphorase subunit of RcF'DH were cloned into the pTrcHis vector by use of the Nhel-Sall
sites.

5.2. Protein expression and purification

5.2.1. [NiFe]-hydrogenase

Strain R. eutropha HE1054 (pJP09) was grown heterotrophically in a mineral salts medium
containing a mixture of 0.05% (w/v) fructose and 0.4% (v/v) glycerol (FGN medium) at
30 °C as described previously.” Upon reaching an optical density at 436 nm of 9-11, the
culture was collected, and the cells were harvested by centrifugation at 8850 x g for 15 min
at 4 °C. The cell pellet was resuspended in 50 mM KPOy, pH 7.2, containing 15-20% (v/v)
glycerol, 5 mM MgCl,, 0.5 mM NiCly, and protease-inhibitor cocktail (EDTA-free Pro-
tease Inhibitor, Roche). The extract was furthermore supplemented with 5 mM NAD™
in order to keep the HtSH in the oxidized state, which is thought to prevent extensive
oxidative damage through reactive oxygen species. 2 After two passages through a chilled
French press cell at a pressure of 125 MPa, the soluble extract was separated from solid
cell constituents by centrifugation at 72500 x g for 45 min. The supernatant was loaded
onto a 2 mL Strep-Tactin Superflow column (IBA), which was previously equilibrated
with resuspension buffer. After washing with at least 6 column volumes of resuspension
buffer, the protein was eluted in resuspension buffer containing 5 mM desthiobiotin. A
final concentration of 20-30 mg mL~! of purified protein was achieved after concentration
with Ultra Centrifugal Filter Units (Amicon).

In order to obtain HtSH protein with homogeneous subunit stoichiometry, size exclusion
chromatography was conducted after affinity chromatography. An amount of 200 uL of
the concentrated HtSH eluate was loaded onto a Superdex 200 10/300 GL column which
was previously equilibrated with the same buffer used for affinity chromatography. Using
an AKTA pure system, the flow rate was held at 0.2 mL-min~!, and protein elution
occurred at approximately 0.3 column volumes as observed by UV /vis absorption at
280 nm and 420 nm. Protein fractions of 0.4 mL were collected, and the HtSH subunit
composition was checked by SDS-PAGE according to Laemmli et al.'?% After determining
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the Hy-dependent reduction of NAD™ activity, fractions with highest specific activities
and homogeneity were pooled and again concentrated using Ultra Centrifugal Filter Units
(molecular weight cut-off of 100 kDa).

5.2.2. Formate dehydrogenase

RcFDH was expressed in E. coli MC1061 cells transformed with pTHfds05. Cells were
grown at 30 °C and shaking. in LB medium containing 1 mM molybdate, 20 pM isopropyl
thio-3-D-galactoside, and 150 pg-mL~! ampicillin, beginning with a 1 : 500 dilution of a
preculture (same supplements, 12 h, 37 °C, no shaking), for 24 h. The apo-form of ReFDH
lacking the bis-MGD cofactor was obtained after expression in F. coli RK5200 AmoaA
cells?*! without supplementation with molybdate. After growth, cells were harvested,
resuspended in 50 mM NaH,PO,4 and 300 mM NaCl (pH 8.0), and used directly for
purification or stored at -20 °C.

All purification steps were performed at 4 °C on ice or inside a cold chamber. E. coli cells
were lysed either by sonication (HTU Sonil30; G. Heinemann Ultraschall und Labortech-
nik, Schwaebisch Gmuend, Germany, total time, 5 min; amplitude, 70%; bursts every 3 s
for 2 s) or with a cell disruptor system (Constant Systems LTD, Northants, UK, two load-
ings, 135 MPa pressure), depending on the amount of cells. Cell debris was spun down at
21000 x g for 1 h, and loaded twice onto a self-packed Ni?*T-nitrilotriacetic acid column
(0.3 mL of matrix per liter of culture). After washing with 20 column volumes of 10 mM
and 20 mM imidazole in 50 mM NaH,PO, (pH 8.0) and 300 mM NaCl buffer, ReFDH
was eluted with the same buffer containing 250 mM imidazole. With PD-10 columns
(Sephadex G-25 M; Amersham Biosciences, Uppsala, Sweden), the buffer was changed to
75 mM potassium phosphate (pH 9) and 10 mM azide: These small anions stabilize the
Moco. Samples were concentrated to 2 mL with ultracentrifugation devices (VIVASPIN
20, 50-kDa cut-off; Sartorius AG, Goettingen, Germany). Size-exclusion chromatography
was carried out at 4 °C on a Superose 12 column (GE Healthcare, Uppsala, Sweden)
equilibrated in 75 mM potassium phosphate (pH 9) and 10 mM KNOj or 10 mM azide.
Fractions containing ReFDH were identified by SDS/PAGE,% combined, frozen in lig-
uid nitrogen, and stored at -80 °C until use. Protein concentrations were determined by
measuring the absorption at 280 nm, with ¢ = 169 500 M~'.cm~! for ReFDH samples.

5.3. Enzymatic assays of the [NiFe]-hydrogenase

All enzyme measurements were performed in the presence of defined gas mixtures unless
stated otherwise. Prior to use in enzyme assays, the buffers were saturated with the
respective gases. Buffers with 100% gas-saturation (1 bar, 50 °C) contained 720 uM Ha,
940 uM Os or 483 uM N,. Buffers containing gas mixtures were prepared by mixing
individual buffers with 100% gas saturation. The head space of the reaction vessels was
kept as small as possible to avoid degassing of solutions. Hs-driven NAD™ reduction
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of purified HtSH in soluble extracts was determined at 50 °C in a buffer-filled, rubber-
sealed cuvette. The reactions were started by the addition of enzyme, and the absorbance
increase at 365 nm due to NADH accumulation was monitored spectrophotometrically
using a Cary 50 (Varian). The pH-dependent HtSH activity was measured by using two
different strategies: First, to minimize the influence of different buffer components on SH
activity, a broad-range buffer system (pH 4.5-9) composed of 16 mM citrate, 16 mM Tris,
and 16 mM glycine was used. The buffer system was adjusted at 50 °C with appropriate
acids or bases to the desired pH values. Second, SH activity was also tested in the
individual buffers mentioned above. Temperature-dependent activity measurements were
performed in 50 mM bis-Tris, pH 6.5, containing 0.75 mM TCEP (replacing Dithiothreitol
(DTT)), 0.5 mM NiCly, 5 mM MgCl, and 2 pM FMN. This owes to the fact that DTT
precipitates in NiCly- and MgCls-containing 50 mM KPO; buffer at temperatures above
40 °C.

NADH-driven Hy production was measured with a modified Clarktype electrode
50 °C in 50 mM bis-Tris, pH 6.5, containing 5 mM MgCly, 0.5 mM NiCly, 0.75 mM TCEP,
2 uM FMN and 1 mM NADH. The buffers as well as the additives were saturated with Ny
before mixing, and the reaction was started by the addition of enzyme. Diaphorase activ-
ity of the SH was recorded spectrophotometrically as NADH-dependent benzyl viologen
reduction at 50 °C in buffers with different pH values (composition see above), containing
5 mM benzyl viologen (BV), 1 mM NADH, and 90 M dithionite. Ho-dependent reduc-
tion of BV (5 mM) was tested at 50 °C in buffers with different pH values (composition
see above). Prior to use, the buffers were saturated with Hs.

In order to determine affinity constants for NAD™ or NADH, the initial reaction ve-
locities for Hyo-dependent NAD™ and NADH-dependent BV reduction, respectively, were
measured at 50 °C and varying substrate concentrations. The recorded slopes were plot-
ted against the substrate concentration and fitted to the Michaelis-Menten kinetic using
the program Origin 2016 Version 94 E.

Determination of affinity towards Hy was performed amperometrically by mixing dif-
ferent volumes of Ha- and Na-saturated buffers (50 mM bis-Tris, pH 6.5, 5 mM MgCls,
0.5 mM NiCl,) to a total volume of 1.3 mL in the reaction chamber of a modified Clark
electrode. The assay contained further the natural electron acceptor, NADT (1 mM),
in addition to 0.75 mM TCEP, and 2 uM FMN. The reaction was started by enzyme
addition, and the resulting current change was recorded. The derived reaction velocities
were plotted against the Hy concentration and fitted to the Hill equation using Origin
2016 Version 94 E.

267 at

5.4. Protein, metal, and FMN determination

5.4.1. [NiFe]-hydrogenase

The protein concentration was determined with the Pierce™ BCA Protein Assay Reagent
Kit (Pierce, USA) using bovine serum albumin as the standard. The flavin mononu-
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cleotide concentration in protein samples was analyzed fluorometrically as described pre-
viously. 139229 Tron and nickel contents of purified HtSH samples were analyzed by in-
ductively coupled plasma optical emission spectroscopy (ICP-OES) as published previ-
ously.'%® Final numbers were derived from two biological replicates, while each sample
was measured three times (three technical replicates).

5.4.2. Formate dehydrogenase

The metal content (Mo, Fe) was measured with ICP-OES. Samples of 500 L (10-30 pM)
were mixed with the same volume of 65% HNO3, and wet ashed at 100 °C overnight.
Samples were diluted with 4 mL of Millipore water, and applied to an Optima 2100
DV instrument (PerkinElmer Life and Analytical Sciences, Waltham, MA, USA). The
multielement Standard XVI (Merck, Darmstadt, Germany, for Mo and Fe) were used
for calibration and quantification. The resulting mass concentrations were related to
percentage saturation of molybdenum according to complete saturation of FeS clusters
(five [FesSy] clusters; two [FeaSs] clusters).

5.5. Sample preparation

IR and EPR sample preparation of [NiFe]-hydrogenase

For the characterization of as-isolated HtSH, protein fractions were concentrated to ap-
prox. 0.3 mM using Amicon Ultra 0.5 mL Centrifugal Filters (Merck KGaA) and mea-
sured without further treatment. Samples of reduced HtSH were prepared using different
procedures. Prior to all reductive treatments, buffers were purged with Ar for 30 min,
and Oy was removed from protein samples by ten consecutive cycles of Ar purging and
vacuum exertion. Partial reduction of the enzyme was achieved by 30 min incubation of
0.03 mM HtSH with 2 mM TCEP and 5 mM NADH at 50 °C in an anaerobic, Na-filled
glovebox. After these treatments, the samples were concentrated to approx. 0.3 mM, and
IR transmission cells and EPR tubes were purged with Ny prior to loading. To further
reduce HtSH, solutions containing 0.03 mM of protein were incubated with 2 mM TCEP,
5 mM NADH, and 1 bar Og-free Hy (O was removed using a Varian Gas Clean Oxygen
Filter PIN CP17970) in Hy-saturated buffer at 50 °C for 30 min in an anaerobic chamber
(95% Ny, 5% Hs). The Hy stream was enriched with H,O to avoid sample drying. Prior
to measurements, samples were concentrated to 0.3 mM, and IR transmission cells and
EPR tubes were purged with Hy. Aliquots of all samples were directly injected into an IR
transmission cell for subsequent characterization, while the remainder was transferred to
EPR tubes, quenched in cold ethanol (ca. 210 K) and stored in liquid nitrogen for further
analysis.

49



5. Methods and Materials

IR, RR and EPR sample preparation of formate dehydrogenase

EPR samples were prepared by PhD. Benjamin Duffus. For the characterization of as-
isolated RcFDH, protein fractions were concentrated to approx. 1 mM - 1.5 mM using
Amicon Ultra 0.5 mL Centrifugal Filters (Merck KGaA) and measured without further
treatment. A different procedure was applied for the reduced RcFDH samples. Prior
to all reductive treatments, buffers were purged with Ar for 30 min. O was removed
from protein samples by 3 times anion-free buffer exchange inside an anaerobic, No-filled
glove box using the above mentioned centrifugal filters and centrifugation was performed
at 11000 x g. RcFDH samples of approx. 1 mM - 1.5 mM were incubated either with
10 mM formate, [*H]-formate or NADH and mixed thoroughly for 5 s. For RR samples,
2 pl enzymatic sample was pipetted on a quartz holder and subsequently frozen in liquid
nitrogen. Samples for EPR measurements were diluted to approx. 0.3 mM, quenched in
cold ethanol and stored in liquid nitrogen for further analysis.

In case of IR samples, buffer exchange regarding removal of O, was performed in the
presence of the spectroscopic marker azide (10 mM). Reductive treatment followed the
above mentioned procedure. As-isolated and reduced protein samples were subsequently
injected into the transmission cell as stated for [NiFe]-hydrogenase.

5.6. [NiFe] model complex

5.6.1. Synthesis

The synthetic design and work was performed by Dr. Nils Lindenmaier from the group
of Prof. Dr. Matthias Driess from the Technische Universitit Berlin. 14

Unless otherwise stated, all experiments were carried out under dry oxygen-free nitro-
gen using standard Schlenk techniques. Solvents were dried by standard methods and
freshly distilled prior to use. Ni(bmmp-daco) and Ni(bmmp-daco)SO (bmmp-daco =
N, N’-bis(dimethyl)-mercaptopropyldiazacyclooctane) were prepared according to proce-
dures reported in the literature.3® Iron(II) dibromide was purchased and used as received
from Sigma-Aldrich. The 80O-labelled H,O, solution (2-3% in H,O, 90 atom % labelled)
was purchased and used as received from Icon Isotopes. Elemental analyses and electro-
spray ionization mass spectrometry (ESI-MS) were performed by the analytical laboratory
and MS-service in the Institute of Chemistry, Technische Universitéit of Berlin, Germany.

[Ni(bmmp-daco)SO]FeBr; 1: To a suspension of 61 mg (280 pmol) iron(II) bromide
in 15 mL acetonitrile a solution of 100 mg (280 wmol) Ni(bmmp-daco)SO in 10 mL
acetonitrile was added while stirring. The reaction mixture was kept stirring at ambient
temperature for two hours and subsequently filtered. After evaporating the solvent, the
product was obtained as a red-brown solid (120 mg, 200 umol, 72% yield). Crystals
suitable for single crystal X-ray diffraction were obtained by diffusion of diethyl ether
vapor into the filtrated reaction mixture at room temperature. The title compound is
soluble in polar organic solvents like dichloromethane or acetonitrile and, to a lesser extent,
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in tetrahydrofuran. It is very well soluble in alcohols like methanol or ethanol; however,
slow degradation over time is observed. 'H NMR (200.13 MHz, methanol-d,): § =
1.29 (s, br), 1.44 (s, br), 2.54 (s, br), 3.30 (s,br) ppm. Evans-NMR (methanol-d,):
perr = 4.6 pup. Elemental analysis, exp (calc): C: 29.57 (29.05), H: 4.84 (4.88), N:
4.50 (4.84), S: 10.81 (11.08) %. IR (ATR-Diamond): v(SO) = 882 cm~!. SQUID:
pefr = 4.9 up (S =2). "Fe-MoBbauer: ¢ = 0.85 mm-s~! AFg = 2.95 mm-s~. UV-vis:
Amaz = 259 nm (sh; € = 3.78 x 10> M~'-em™!), 355 nm (¢ = 3.43 x 10°> M~t.cm™1).
Melting point: Ty, < 200 °C (decomposition).

[Ni(bmmp-daco)]|FeBrs 2: To a suspension of 120 mg (560 pmol) iron(II) bromide in
20 mL acetonitrile a solution of 200 mg (570 pmol) Ni(bmmp-daco) in 15 mL acetonitrile
was added while stirring. The reaction mixture was kept stirring at ambient temperature
for two hours and subsequently filtered. After evaporating the solvent, the product was
obtained as a red solid (240 mg, 430 pmol, 77% yield). Crystals suitable for single
crystal X-ray diffraction were obtained by diffusion of diethyl ether vapor into the filtrated
reaction mixture at room temperature. The title compound is soluble in polar organic
solvents like dichloromethane or acetonitrile, to a lesser extent, in tetrahydrofuran. It is
very well soluble in alcohols like methanol or ethanol; however, slow degradation over time
is observed. 'H NMR (200.13 MHz, methanol-dy): § = 0.95 (s, br), 1.93 (s, br),
2.61 (s, br), 3.33 (s,br) ppm. Evans-NMR (methanol-d,): ji;r = 4.9 pp. Elemental
analysis, exp (calc): C: 31.64 (29.86), H: 5.00 (5.01), N: 5.07 (4.98), S:10.90 (11.39) %.
SQUID: sy = 4.9 pp (S = 2). "Fe-Mofbauer: § = 0.91 mm-s™' AEg = 3.10 mm-s™ .
UV-vis: A\pee = 276 nm (e = 3.86 x 10> M~! .em™!), 372 nm (e = 3.43 x 10> M~t.cm™).
Tymp < 200 °C (decomposition).

Ni(bmmp-daco)S*80: The reaction was conducted according to the published pro-
cedure for the %O-compound by Darensbourg et al?° using *O-labelled H,O5 solution
(2-3 % in Ho0, 90 atom % labelled) and yielding 200 mg (548 pmol) of 8O-labelled com-
pound (35 % yield). IR, (ATR-Diamond): v(SO) = 897 cm™!. HR-ESI-MS: m/z (%)
= 365.1120 [NiS™O+H]* (100); 365.1112 calc. f. [C14HagN,Ni'®0S,]*.

[Ni(bmmp-daco)]S*®OFeBr; 3: The reaction was carried out by following the pro-
cedure for the *O-compound. Employing 25 mg (68 pmol) Ni(bmmp-daco)S'®0O and
15 mg (70 pmol) iron(II) bromide yielded the desired product as a red brown solid (31 mg,
200 pmol, 72 % yield). IR (ATR-Diamond): IR (ATR-Diamond): v(SO) = 847 cm™".

5.6.2. 'H-NMR spectroscopy

The 'H NMR spectra were recorded with a Bruker ARX200 spectrometer and referenced
using residual solvent signals as internal standards.

5.6.3. UV-vis spectroscopy

UV-vis spectra were recorded using an Analytik Jena Specord S600 spectrometer and the
WinAspect 2.3.1.0 software package. Samples for UV-vis spectroscopy were prepared in
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a nitrogen filled MBraun glovebox and measured in air-tight sealed cuvettes outside the
glovebox.

5.6.4. Single-crystal X-ray structure determination

Crystals were each mounted on a glass capillary in per-fluorinated oil and measured in a
cold Ny flow. The data of 1 and 2 were collected on an Oxford Diffraction Supernova,
Single source at offset, Atlas at 150 K (Cu-Ka-radiation, A = 1.5418 A). The structures
were solved by direct methods and refined on F? with the SHELX-97 software package. 232
The positions of the H atoms were calculated and considered isotropically according to
a riding model. CCDC 1515404 (1), 1515403 (2) contain the supplementary crystallo-
graphic data for this paper. These data can be obtained free of charge by contacting The
Cambridge Crystallographic Data Centre, 12, Union Road, Cambridge CB2 1EZ, UK;
fax: +44 1223336033.

5.6.5. SQUID and *"MoBbauer spectroscopy

Superconducting quantum interference device (SQUID) and 5"Mé8bauer spectroscopy
were performed in the lab of Dr. Eckhard Bill from the Max-Planck Institute for Chemical
Energy Conversion in Miihlheim (Ruhr). 149

Magnetic susceptibility data were measured either from powder samples of solid ma-
terial or from solution in eicosane (melting point 310 K) in the temperature range 2 -
270 K by using a SQUID susceptometer with a magnetic field strength of 1.0 T (MPMS-
7, Quantum Design, calibrated with a standard palladium reference sample, error <2%).
Multiple-field variable-temperature magnetization measurements were carried out at 1 T,
4 T, and 7 T in the range 2 - 260 K with the magnetization equidistantly sampled on a
1/T temperature scale. Sample holders of quartz with O-ring sealing were used and the
SQUID response curves (raw data) were corrected for holder and solvent contributions
by subtracting the corresponding response curves obtained from separate measurements
without sample material. The experimental magnetization data obtained from indepen-
dent simulations of the corrected SQUID response curves were corrected for underlying
diamagnetism 2 by use of tabulated Pascal’s constants, ™2 as well as for temperature-
independent paramagnetism. Handling and simulation of the SQUID raw data as well as
spin-Hamiltonian simulations of the susceptibility and magnetization data were performed
using our own package julX for exchange-coupled systems (available from Eckhard Bill
by mail to ebill@gwdg.de). The simulations were based on the usual spin-Hamiltonian
operator for mononuclear complexes with spin S = 2:

~ N 1 N ~ -
HS:D[s§—3s<s+1)+g(s§—s§)] v upB-g- 9 (5.1)

where ¢ is the average electronic g value, while D and E/D are the axial zero-field
splitting and rhombicity parameters, respectively.
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5.7. Molybdenum model complex

Diagonalization of the total Hamiltonian was performed with the routine ZHEEV from
the LAPACK Library (available from Eckhard Bill), and magnetic moments were calcu-
lated from the eigenfunctions by using the Hellman-Feynman theorem:

Sy e BH
(B (0| 0 (5.2)

The powder summations were performed by using a 16-point Lebedev grid (a Fortran
code to generate Lebedev grids up to order L=131 is available from: http://server.ccl.net
/cca/software/SOURCES/FORTRAN/Lebedev-Laikov-Grids /). 133

MoBbauer spectra were recorded on a conventional spectrometer with alternating con-
stant acceleration of the y-source (°”Co/Rh, 1.8 GBq), which was kept at room tempera-
ture. The minimum experimental line width was 0.24 mm-s~! (full width at half-height).
The sample temperature was maintained constant at 80 K in an Oxford Instruments
Variox cryostat. Isomer shifts are quoted relative to iron metal at 300 K.

5.7. Molybdenum model complex

The synthetic design and work was performed by Ricardo Nowack from the group of
Carola Schulzke from the Universitat Greifswald.

Unless otherwise stated, all experiments were carried out under dry oxygen-free nitrogen
using standard Schlenk techniques. Solvents were dried by standard methods and freshly
distilled prior to use. Synthesis of 4,5-dimethyl-1,3-dithiol-2-one (dmdt) were prepared
according to procedures reported in the literature. *38 Synthetic fabrication of metal and
molybdenum precursors were performed as stated elsewhere, 74139,149,226-228

MoS(dmdt),: 60 mg (154,48 pmol) of the Mo(CO)s(dmdt), precursor are solved in
20 mL acetonitrile applying Schlenk techniques. While stirring, 33,8 mg (433,08 pmol) of
pestled NayS was added and further stirred for 3 h at room temperature. Afterwards, the
suspension is filtered using a syringe and an injection filter () = 0.2 ym). The remain-
ing brown mother liquor is anaerobically transferred into a Schlenk flask, followed by a
recrystallization in ether. The product crystallizes as black-blue needles.?® IR, (KBR):
v: = 2904 cm™!, 1627 cm ™!, 1523 em ™!, 1438 cm ™!, 933 cm L.

5.8. Vibrational methods

5.8.1. Infrared spectroscopy
Transmission

IR spectra of 0.3 mM solutions of as-isolated and chemically reduced HtSH and of FDH
from Rhodobacter capsulatus recorded with a spectral resolution of 2 cm ™! using a Bruker
Tensor 27 FTIR spectrometer, equipped with a liquid nitrogen-cooled MCT detector. The
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sample compartment was purged with dry air, and the sample was held in a temperature-
controlled (10 °C) gastight IR transmission cell for liquid samples (volume: 10 uL, optical
path length: 50 pm), equipped with CaF, windows. 200 scans were accumulated per
single channel spectrum, and absorbance spectra were calculated by the Beer-Lambert
law, usually, from an average of each 20 sample- and background single channel spec-
tra. Spectra analysis were performed using the Bruker OPUS software 5.5 or higher and
baseline correction, if necessary, was carried out using Qpipsi (self-written).

IR spectra for all synthetic [NiFe] complexes were measured from powder samples in-
side a nitrogen filled glovebox using a Thermofisher Nicolet iS5 IR Spectrometer (ATR-
Diamond) and the OMNIC software (Version 9.3.30) for data acquisition.

IR spectro-electrochemical measurements

IR spectro-electrochemical experiments were performed on ca. 0.3 mM solutions of HtSH,
activated anaerobically with 2 mM TCEP, using an Optically Transparent Thin Layer
Electrochemical (OTTLE) cell with an optical path length below 10 pm.!! In order to
avoid protein adsorption, the gold mesh working electrode was incubated anaerobically
with a mixed self-assembling monolayer of 1 mM cysteamine and 1 mM mercaptopro-
pionic acid, solved in ethanol, for 30 min. Preparation of the OTTLE cell was per-
formed anaerobically in an Ar-filled box. The following redox mediators were added to
the protein solution in order to ensure fast equilibration at the applied potentials (0.5
mM each, potential vs. SHE): TMPPO (4262 mV), 1,2-naphthoquinone (4145 mV),
1,4-naphthoquinone (+60 mV), methylene blue (+11 mV), indigo trisulfate (-80 mV), in-
digo disulfate (-130 mV), 2-hydroxy-1,2-naphthoquinone (-139 mV), resorufin (-195 mV),
anthraquinone-2-sulfonate (-225 mV), safranin T (-290 mV), benzyl viologen (-358 mV),
methyl viologen (-446 mV).5%62:161 Potential-dependent IR spectra with a resolution of 2
cm ! were recorded at 30 A°C using a Bruker IFS 66 v/s FTIR spectrometer equipped
with a liquid nitrogen-cooled MCT detector. The Bruker OPUS software, version 5.5 or
higher, was used for data acquisition and evaluation. Potential control was accomplished
using a Model 263A Potentiostat (Princteon Applied Science) and the PARControl 1.05
software. Samples were equilibrated at all potentials for at least 3 min until the corre-
sponding IR spectrum remained unchanged.

5.8.2. Resonance Raman spectroscopy

Resonance Raman spectra were recorded using the 514 nm emission of an Argon ion laser
(Innova 70, Coherent) for excitation and a confocal Raman spectrometer (Lab Ram HR-
800 Jobin Yvon) equipped with a liquid-nitrogen cooled charge coupled device (CCD)
camera for data acquisition. The typical laser power at the sample ranged between 0.2-
0.5 mW for synthethic complexes and between 1-5 mW for proteinogenic samples. The
inorganic complexes were measured as dry powders and enzymes in frozen liquid solution
using a Linkam Cryostage THMS600 cryostat. The temperature of the samples was kept
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at 80 K throughout the measurements. The spectrometer was calibrated before each
experiment using toluene as external standard.

5.9. Electron paramagnetic resonance spectroscopy

EPR spectroscopy was carried out by Christian Lorrent from the group of Prof. Dr. Pe-
ter Hildebrandt of the Technische Universitat Berlin. A Bruker EMXplus spectrometer
equipped with an ER 4122 SHQE resonators and an Oxford EPR 900 helium flow cryostat
with temperature control (Oxford ITC4) between 5 and 310 K was used in the experi-
ments. Spectra were baseline-corrected by subtracting a background spectrum obtained
from buffer solution using the same experimental parameters. Experimental conditions:
1 mW microwave power, microwave frequency: 9.29 GHz, 1 mT modulation amplitude,
100 kHz modulation frequency. Spectra simulations were performed using the MATLAB
toolbox EasySpin (version 5.1.7).242

5.10. Nuclear resonance vibrational spectroscopy

Nuclear resonance vibrational spectroscopy (NRVS) were peformed by Dr. Lars Lauter-
bach from the group of Dr. Oliver Lenz of the Technische Universitat Berlin. Therefore,
R. eutropha HF1054 (pJP09) was cultured as described above, with the exception that
18 uM ®"FeCl, instead of **FeCl, was used as the iron source. The resulting ' Fe-labelled
HtSH was purified via Strep-Tactin affinity chromatography. NRVS was performed at
SPring-8 BLO9XU with a 0.8 meV (6.5 cm™!) energy resolution at 14.4125 keV as de-
scribed previously.'®® The beam size at BLO9XU was 1.1 mm (horizontal) x 0.6 mm
(vertical). A 4-element avalanche photo diode detector array was used to measure de-
layed K shell fluorescence and nuclear fluorescence by *"Fe atoms. All measurements were
performed in the cryostat base that was cooled to 10 K. The real sample temperature was
30-60 K, as obtained from the spectral analysis. The raw NRVS data was converted to a
5"Fe partial vibrational density of states (PVDOS) by the PHOENIX software, while the
energy scale was calibrated with an external reference ([NEt,][FeCly]).?** For the HtSH
protein sample (22 pL, 0.8 mM), the accumulation time was 21 h.

5.11. DFT

5.11.1. DFT calculations of [NiFe]-hydrogenase model complexes

In case of the synthetic [NiFe] model complexes calculations were performed by Dr. Tibor
Szilvasi from the Department of Chemical and Biological Engineering of the University of
Wisconsin. Computational analysis was carried out using the B3LYP functional. 15134264
The Def2-TZVP basis set was employed for all atoms, with the corresponding pseudopo-
tential for heavy elements, except for C and H, for which the Def2-SVP basis set was
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applied.?™ Analysis of the electronic structure occurred at same level of theory. Op-
timized minimum structures were confirmed by frequency calculations, not yielding any
imaginary frequencies. All calculations were performed with Gaussian 09 Revision B.01. %

5.11.2. DFT calculations of different Molybdenum cofactors

The DF'T claculations described in chapter 6.3 were performed by Dennis Belger and Prof.
Dr. Maria Andrea Mroginski from the Technische Universitat Berlin.
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Figure 5.1. A The Molybdenum cofactor as reported for Rhodobacter capsulatus and B the Moco
model strucuture used in the DFT calculations. The asterisks display a replacement of the
organic side chains by hydrogen atoms. The X describes either a S, SH, OH or O ligand.
For the sake of clarity, Molybdenum oxidation numbers are omitted.

Since the complete Moco is very large and demands high computational resources, not
the entire Moco was applied in the model calculations. If not stated otherwise all models
were built computed in the following: MoS*: Cysteine coordinated to the metal and O,
OH, S or SH as last ligand. In the Mo**®* models either no cysteine or a protonated
cysteine was present and O, OH, S or SH ligated. The models are named Mo®T#>+4+_X
were X represents OH or SH and Mo®+5+4+=X were X symbolizes O or S, respectively.
The 5’-guanosine-diphospahte units were omitted due to named computational reasons.
Dithiolene ligands, as well as the opterine parts were included. All atoms were treated
explicitly, while the Cys386 was mimicked by a truncated version. Here, the terminal Cg
is saturated by protons and was fixed (to simulate the lesser degrees of freedom of the
amino acid in the protein matrix). Additionally, every other truncation spot was selected
as fixed to assign sterical hindrance according to the realistic situation in the enzymatic
binding pocket. The charges were selected as follows: the Mo ion either (+VI), (+V)
or (+IV), deprotonated Cys (-I), O/S (-II), OH/SH (-I) and the individual dithiolene

moieties (-1I). Multiplicity of the complex was always singlet (doubly occupied molecular
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orbitals). The protein environment was mimicked by application of a dielectric field
constant of € = 4 by means of the polarizable continuum model.?*® The optimizations
followed the standard self-consisting field procedures from Gaussian®®, using DFT with
the BP86 functional and a 6-31G* basis set for C, H, N atoms !*®> and def2-TVPP basis sets
for S and Mo.?™ Furthermore, effective core potentials®® at the same level were applied
to the metal atom. Subsequently, the frequencies and Raman intensities were computed
using the normal mode analysis approach as described elsewhere??® and was carried out
in internal coordinates as provided by the Gaussian program.

Based on the same model as mentioned above, the calculations of the azide inhibition
were performed. Here, the latter replaces the cysteine in the computation of a direct bond
between the N3 molecule with the Mo ion. In case of a non-covalent binding, the Mo
ion is hexa-coordinated by two dithiolene units, a cysteine as well as the sulfido ligand.
The azide is located in close proximity to the metal center by means of electrostatic
interactions.
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6.1. [NiFe]-hydrogenase

Following passages are published with kind permission from Elsevier. !

Figure 6.1.
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Arrangement of the HtSH-related genes (a), proposed subunit/cofactor composition (b),
and observed active site redox states of HtSH (c). Genes hozF, U, Y, and H encode
the subunits of the SH protein, while hoxA has presumably a regulatory function. Upon
insertion of the [NiFe] active site, the hoz W gene product mediates cleavage of a C-terminal
extension of the HoxH subunit. The proposed cofactor composition in b is derived from
amino acid sequence comparisons with the corresponding subunits of ReSH and Complex
I from Thermus thermophilus (see Appendix, Fig. A.1-A.5) and analogies to the well-
characterized ReSH. The assignment of active site species and their interconversions shown
in ¢ is based on IR and EPR spectroscopic analyses (see below). Redox states highlighted
in green belong to the catalytic conversion of Hy, while the orange ones represent inactive
states that except for Ni,.-S require reductive treatment to be converted into the Ni,-S
state. The unassigned oxidized state labelled with n/a is unprecedented (see below).



6.1. [NiFe|-hydrogenase

As stated earlier the biochemical analysis was carried out by Dr. Janina Preissler
from the group of Dr. Oliver Lenz. For biotechnological applications oxygen-tolerant
[NiFe]-hydrogenases are of particular interest due to their ability to convert hydrogen
under aerobic conditions. This study aimed to gain insights into a thermostable version
of a soluble hydrogenase. Therefore, the draft sequence of the H. thermoluteolus TH-1T
genome was analyzed and revealed the HtSH-related genes, hoxF, hoxU, hoxY, hoxH, and
hoxW, which are apparently arranged as an operon (see Fig. 6.1 a).

Pairwise alignments of HtSH and ReSH proteins revealed 40%, 37%, 44%, 46%, and
26% identical residues for HoxF, HoxU, HoxY, HoxH, and HoxW, respectively. Notably,
the H. thermoluteolus TH-1T genome does not contain a copy of the gene encoding the
HoxI protein, which is a constituent of the ReSH.??

6.1.1. Heterologous overproduction and purification of functional
HtSH

For heterologous overproduction of the HtSH in R. eutropha and subsequent purification,
the hotFUYHW genes were amplified by PCR and put under the control of the native SH
promoter of R. eutropha as described in chapter 5.1. Furthermore, a sequence encoding
the Strep-tag Il peptide was attached to the 5’ end of the hoxF gene. The resulting
synthetic hoZsire, FF'UYHW operon was inserted into the broadhost range vector pEDY 309
resulting in plasmid pJP09, encoding Strep-tagged HtSH.

Table 6.1. Purification of HtSH protein enzyme by affinity chromatography.

Fraction” Volume Protein concentration Total protein Specific activity Total activity Yield Enrichment factor

(mlL)  (mg/mL) (mg) (Umg™ )’ V) (%)
SE 40 20.2 1168 25+ 0.1 2020 100 1
AC 1.4 29.7 41.6 121 £ 0.1 502 17 48
SEC 2.4 4.9 11.7 334 £ 0.6 391 13 134

“ The HtSH protein was purified from soluble cell extracts (SE) by Strep-Tactin affinity chromatography (AC) and
subsequent size exclusion chromatography (SEC) as described in chapter 5.1.

" Activity was determined by Ho-dependent NAD* reduction in 50 mM bis-Tris, pH 6.5, supplemented with 1 mM NAD*,
0.5 mM NiCly, 5 mM MgSOy, 2 uM FMN, and 0.75 mM TCEP at a temperature of 50 °C. One Unit (U) corresponds
to the amount of converted substrate (in pmol) in 1 min. Values of a representative purification are shown.

For enzyme purification, plasmid pJP09 was transferred into strain R. eutropha HF1054,
in which the native hotFUYHWI genes as well as hozG encoding the large subunit of
the membrane-bound [NiFe|-hydrogenases were eliminated by isogenic in-frame deletions.
This prevented any “subunit mixing” between HtSH and ReSH proteins. The transconju-
gant strain R. eutropha HF1054 (pJP09) was cultivated heterotrophically under oxygen-
limited conditions as described previously. ">'?° In a first experiment, the Hy-driven NAD™
reduction activity was measured in soluble extract of the recombinant cells. The activity
was 2.50 £ 0.12 U-mg~! of protein (Table 6.1), suggesting the presence of functional HtSH
proteins. This result also demonstrates that the general [NiFe|-hydrogenase maturation
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Figure 6.2. Purification of the HtSH protein. A protein amount of 30 ug of soluble extract (SE) and
5 pg of HtSH purified by affinity chromatography (AC) and selected fractions (from the
subsequent size exclusion chromatography (SEC) were electrophoretically separated on a
12% SDS-polyacrylamide gel and subsequently stained with Coomassie brilliant blue. The
specific Hy-driven NAD™ reduction activity (U-mg~! of protein) of each fraction is specified
below. Lane M contains marker proteins and their corresponding molecular weights are
given on the left hand side.

machinery of R. eutropha is able to synthesize and to deliver the active site constituents
for the HoxH subunit of HtSH.3*54276 The HtSH protein was then purified to homogene-
ity by Strep-Tactin affinity and size exclusion chromatography as described in chapter
5.1. From 10 g (wet weight) of cells, we routinely obtained 10-12 mg of protein with a
specific Hy-driven NAD™ reduction activity of 33.4 U-mg™" of protein (measured at 50 °C,
Table 6.1). Please note, the enzymatic hydrogenase activity (in U-mg~!) varied between
individual protein batches between 16 and 36 U-mg~! (see Fig. 6.5 and Tab. 6.3). The
reverse reaction, namely NADH-driven Hy production, was catalyzed with an activity of
1.0 4+ 0.3 U-mg ™! of protein. Using dithionite-reduced methyl viologen (MV) as artificial,
low-potential electron donor, the Hy production activity increased to 30 £ 5 -mg~! of
protein. SDS-PAGE performed with the HtSH preparation revealed four protein bands
assigned to the subunits HoxFUHY (Fig. 6.2).

60



6.1. [NiFe|-hydrogenase

6.1.2. Biochemical characterization of purified HtSH

Based on visual inspection of the protein bands after electrophoretic separation (Fig. 6.2),
a ratio of approximately 1:1 of the two SH modules, HoxFU and HoxYH, was obtained only
when Ni?* (0.5 mM) and Mg?*" (5 mM) ions were present during the whole purification
process. A similar observation has been made previously for the NAD"-reducing [NiFe]-
hydrogenase from Rhodococcus opacus.?** Consequently, the following activity assays were
conducted in the presence of Ni?*t and Mg?* ions in addition to 2 uM FMN, the latter of
which led to a shortened lag phase but did not change the maximal H, oxidation activity
(Fig. A.6). This suggests that FMN serves as an electron acceptor, and reduced FMN
can reactivate those inactive HtSH species which cannot be activated by Hs alone. This
mechanism is similar to the NADH-based reactivation of as-isolated ReSH.32:220
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Figure 6.3. Dependence of Hy-dependent NAD™T reduction activity of purified HtSH protein on the
addition of reductants TCEP and NADH. The assay was performed at 50 °C in 50 mM
bis-Tris, pH 6.5, supplemented with 1 mM NAD™, 0.5 mM NiCly, 5 mM MgSQOy, 2 uM
FMN, and varying amounts of TCEP, NADH and HtSH. The lag time refers to the time
elapsed from assay start until full activity was achieved. 100% activity refers to 19 U-mg~!
of protein.

Highest Hy-driven NAD™ reduction activity for purified HtSH (Fig. 6.3), however, was
observed when the reductant TCEP (0.75 mM) was added in addition to FMN. Activity
was maximal after a lag period of ca. 2.5 min. The removal of just TCEP led to a
dramatic increase of the lag time (ca. 25 min), and the activity dropped to 25% of the
value measured in the presence of TCEP (Fig. 6.3). The negative effect of the missing
TCEP could be partly compensated through addition of catalytic amounts of NADH
(5 pM), which led to the recovery of approx. 50% of the maximal activity and a halved lag
phase (Fig. 6.3). This indicates that NADH supports reductive reactivation of aerobically

61



6. Results and Discussion

purified HtSH as previously observed for SH from R. eutropha.3*?* A considerable further
shortening of the lag phase was accomplished by increasing the protein concentration in
the assay. In the presence of 0.8 uM HtSH and only 2.5 uM NADH, it took only 4 min
until full activity was developed (Fig. 6.3). This suggests that the rate of reductive
reactivation can also be accelerated by intermolecular electron transfer between individual
HtSH enzymes. The likelihood of electron exchange between HtSH enzymes is of course
greater at higher protein concentration.

Based on the knowledge derived from the experiments described above, NiCly, MgSQy,
FMN, and TCEP were added to the following activity assays, unless stated otherwise.
Using this standard protocol at a fixed temperature of 50 °C, we first determined the
Hs-dependent NAD™ reduction activity of purified HtSH at different pH values. This was
accomplished with a universal buffer that spanned the entire pH range from pH 4.5-9
(Fig. 6.4) as well as with three buffers with different pH ranges (Fig. A.7).

70 -
< 60 A }
IO) §
£
- 50 Jr s
2 1
2
8 ¢
§30- I ;lL
O
2 207 ¢
(D h _ B A

10 - IE

® z
O_IQ 8 T T |7|—||——||—i—I T T
5 6 7 8 9 10 11

Figure 6.4. Activity of purified HtSH protein at different pH values. The graph depicts the Ho-
dependent NAD™T reduction activities of HtSH (grey bars) as well as the Ha:benzyl viologen
(orange symbols) and NADH:benzyl viologen (blue symbols) oxidoreductase activities of
the individual HtSH modules. The measurements were performed as described in chapter
5.1 with 45 nM of HtSH in an universal buffer composed of 16 mM citrate, 16 mM Tris,
and 16 mM glycine. Activities were measured at a temperature of 50 °C in the presence
of either of 1 mM NAD™, 1 mM NADH, or 5 mM benzyl viologen, additionally to 0.5 mM
NiCly, 5 mM MgSOy, 2 uM FMN;, and 0.75 mM TCEP.
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6.1. [NiFe|-hydrogenase

From both experiments, an optimum pH of 6.5 was derived. This is in marked contrast
to ReSH that performs best at pH 8.0292220 (Table 6.2), where the H. thermoluteolus
enzyme showed only about 10% of the maximal Hs-driven NAD™ reduction activity of
50 + 4 U mg™! of protein (measured at pH 6.5, Fig. 6.4). In order to elucidate the
origin of the unusual pH optimum, the enzymatic reactions of the two SH modules were
tested separately in a pH-dependent manner (Fig. 6.4). First, the HoxFU-catalyzed
NADH:-benzyl viologen oxidoreductase activity was measured as described in chapter 5.1.
Maximum activity of 64 5 U mg~"! of protein was reached at approximately pH 10, which
is qualitatively consistent with the observations made previously for the HoxFU module
of the ReSH.'3° The Hy:benzyl viologen oxidoreductase activity of the HoxHY module,
however, was found to be optimal at approximately pH 7.0. These results indicate that the
pH optimum of the HtSH is primarily dictated by the intrinsic bias of the Hy /H*-cycling
module of the holoenzyme.

Table 6.2. Comparison of soluble, NAD(P)"-reducing [NiFe]-hydrogenases.®
Organism H. thermoluteolus TH-1T R. eutropha H16 Synechocystis sp. PCC 6803 Pyrococcus furiosus
Designation SH SH Bidirectional hydrogenase SH1
Subunit composition HoxHYFU HoxHYFUI, 2 HoxHYFUE?2! ad By 8
Molecular weight (kDa) 168 20732 18021 153148
Ky Hy (M) 42 37220 11.321" 140148
Physiological electron NAD™ NAD™ NAD(P)+/NAD(P)H, NAD(P)*
acceptors/donors ferredoxin,.eq, flavodoxin,..q %46
Ky NAD(P)* (uM) 469 (NAD*) 560 (NAD*)?220 n.p. 40 (NADDP+) 148
keat for Ho-driven 150 57! 485 1204 n.p. 99 s~! (NAD*) 18
NAD(P)* reduction (s7') 38-89 s~ (NADP+)40
Umaz for NAD(P)H-driven 0.9 U mg™! 1.2 U mg™! 2.81 U mg~!219 1.5-2 U mg~! (NADPH)
H, production
Topt 80 °C 35 °C202 60 °C219 80 Q21T
pHopt 6.5 8202220 6.3%19 8.4147

Behavior towards O,

Moderately Oq-tolerant
~50% Hy-dependent NAD*
reduction activity” in the
presence of 19 uM O,

Os-tolerant, ~85%
H,-dependent NAD™
reduction activity” in the
presence of 470 uM 0,2

Oq-sensitive, no catalytic activity

in the presence of O; can be
rapidly reactivated under
reducing conditions™

Moderately Oo-tolerant,
~25% of Hy oxidation
activityd in the presence
of 14 uM Oy'?

™P-not published.
“ Note that values are only

limitedly comparable since the assay conditions were not identical.

" Value has been determined for the bidirectional hydrogenase from the Synechocystis sp. relative, Anabaena variabilis.

° Compared to the activity measured in the absence of O,. Activities were measured spectrophotometrically in solution.

‘ Compared to the activity measured in the absence of O,. Activities were measured electrochemically with immobilized enzyme at oxidizing
potential.

Measurements of the Ha-dependent NAD™ reduction activity of purified HtSH at dif-
ferent temperatures were performed in bis-Tris buffer at pH 6.5 and revealed a maximal
activity of 71.0 + 0.3 U mg™! of protein at a temperature of 80 °C (Fig. 6.5). This
is in sharp contrast to ReSH, which quickly loses activity at temperatures higher than
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35 °C (Table 6.2).202 At 33 °C, which is the temperature optimum of ReSH activity, HtSH

showed less than 20% of the maximal activity.

Specific activity (U* mg ")

Figure 6.5.
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Temperature dependence of the Ho-dependent NADT reduction activity of purified HtSH

protein. The measurements were performed as described in chapter 5.1 with 45 nM of
HtSH in 50 mM bis-Tris buffer, pH 6.5, containing 1 mM NAD™, 0.5 mM NiCly, 5 mM
MgSOy, 2 uM FMN;, and 0.75 mM TCEP. If the error bars are not visible, they are equal
or smaller than the symbol size.

In a next series of experiments, we determined the Michaelis-Menten constants (K /)
for the natural substrates of the HtSH. The Kj; value for NAD™' was evaluated based on
the Hy-driven NAD™ reduction activity of the enzyme and revealed to lie at 469 uM (Fig.
A.8) which is close to 560 uM, the value determined for ReSH.??° Activity measurements
of the HtSH-mediated benzyl viologen reduction activity in the presence of various NADH
concentrations resulted in a K,V 4PH of 1.2 mM (Fig. A.9), which is surprisingly high
when compared to the corresponding value of 80 uM determined for the ReSH.?° This
suggests that the main physiological role of HtSH enzyme is Hy-driven NAD™ reduction.

A value of 42 + 3 uM was determined for the apparent Michaelis-Menten constant,
Ky %P for Hy during Hp-driven NAD™ reduction of the enzyme (Fig. A.10), which is
comparable to that measured for ReSH (37 uM,??° Table 6.2).
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6.1. [NiFe|-hydrogenase

6.1.3. Cofactor content and oxygen tolerance of HtSH

Fluorescence determination revealed 1.07 FMN per SH tetramer. Using inductively cou-
pled plasma optical emission spectrometry, 14.2 + 0.2 Fe and 2.4 + 0.1 Ni per SH molecule
were detected. On the basis of conserved amino acid residues that are involved in Fe-S
cluster coordination in Complex I, 19 iron atoms are expected in addition to one nickel in
the catalytic center of the hydrogenase module (Fig. 6.1, A.1-A.5). Additional informa-
tion on the type of iron-sulfur clusters present in HtSH was obtained by nuclear resonance
vibrational spectroscopy (NRVS). NRVS is a synchrotron-based vibrational spectroscopic
technique that selectively probes iron-specific normal modes and has been shown to pro-
vide details on [NiFe]-hydrogenase cofactor structure and composition. 132176 The partial
vibrational density of states (PVDOS) for oxidized HtSH is presented in Fig. A.12. The
band at 414 cm™! is characteristic for the presence of a [2Fe2S] cluster, which is supposed
to be coordinated by the HoxU subunit.?™ Of the 19 irons in HtSH, 16 are expected
to be constituents of [4FedS] clusters. Indeed, also the spectral pattern between 0 and
400 ecm™! is very similar to that of ReSH and a [4Fe4S] cluster-containing ferredoxin (Fig.
A.12), which indicates dominant contributions of [4Fe4S] cluster species. **1% Thus, these
results support the presence of four [4Fe4S] clusters and one [2Fe2S] species in HtSH.

Table 6.3. Hs-driven NAD™ reduction activity of the HtSH protein® in the presence of various Og

concentrations.
O5/Hy /Ny [Os] (kM)  Hydrogenase activity in the presence k.  Hydrogenase
fractions’ (% v/v) of Oy (U mg™! of protein)” (s7h) activity (%)
0/33.33/66.66 0.00 16 £ 2 45.9 100
0.2/33.33/66.46 1,9 15+ 4 43.0 94.2
2/33.33/64.66 18,8 7.7+£03 21.5 498
10/33.33/56.66 94,0 1.3 £0.5 3.6 8

* HtSH was purified by affinity chromatography as described in chapter 5.1.

* For each O, concentration, a fixed volume of Hs-saturated buffer was mixed with various
proportions of Oy- and Ny-saturated buffers. The gas phase contained the corresponding
gas mixtures.

° Hy-mediated NAD¥ reduction activity was measured at 50 °C and pH 6.5.

Consistent with the chemolithoautotrophic growth capacity of the host organism un-
der aerobic conditions, the isolated HtSH showed sustained Hy-driven NAD™ reduction
activity in the presence of Oy (Table 6.3). However, its Oy tolerance revealed to be lower
than that of the ReSH (Table 6.2, Table 6.3). While the ReSH preserves approximately
100% activity observed at 20% Oy (measured at 30 °C in Tris/HCI buffer, pH 8) 129221,
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the Ht enzyme showed at 10% O less than 20% of the activity measured in the absence of
O,. At 2% O, it displayed only 50% of the activity observed under anaerobic conditions.
However, at low O, pressure (0.2%), HtSH activity remained at almost 100% (Table 6.3).
In this respect, it is noteworthy that the intracellular O, concentration in living cells is
generally much lower than the external one. This explains why H. thermoluteolus cells
grow well with Hy and COs even at ambient Oy concentrations, although the isolated
enzyme is more Oy sensitive than the SH from R. eutropha.

6.1.4. Spectroscopic characterization of HtSH

To gain insight into structure and function of the metal cofactors, in particular of the
[NiFe] active site, HtSH samples treated with different redox agents were characterized
by IR and EPR spectroscopy. For both types of spectroscopic measurements, samples
were prepared under identical conditions to guarantee comparability of the results. In
addition, IR spectro-electrochemical experiments were performed to provide insight into
equilibria between the individual redox states of the [NiFe| active site with characteristic
band positions for the two cyanide and one CO ligands coordinated to the Fe ion. All IR
data are displayed as second derivative spectra where the maximum of an absorption band
appears as a sharp negative peak. Peak positions derived from IR and EPR spectroscopy
as well as their assignment to individual cofactors and redox states are summarized in
Table 6.4. In the following the focus will emphasize on a redox state allocation via the
band positions of the CO ligand. The corresponding CN stretchings will be assigned latter
on.

Table 6.4. CO and CN stretching frequencies (cm™!) of IR-spectroscopically observed HtSH [NiFe]
active site species and corresponding g-values of cofactor species detected by EPR spec-

troscopy.
Assignment v (CO) v(CN) g g2 g3
n/a’ 1993 2081 2090 || 2.260 2.127 2.034
Ni,-B-like 1964 2087 2098
Ni,-S 1936 2058 2071
Nig-S 1951 2076 2089
Ni,-C 1971 2076 2089 || 2.210 2.139 2.013
Ni,-SR 1958 2062 2076
Ni,-SR’ 1943 2048 2062
Ni,-SR” 1934 2048 2062
[3Fe4S] 2.004 1.982
[2Fe2S] 2.026 1.935
FMN 2.003
“ Not assigned. Oxidized active site species of unknown
structure.
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Figure 6.6. IR (left) and EPR (right) spectra of HtSH recorded under different redox conditions.
Samples were prepared as described in chapter 5.1 and measured in the as-isolated, oxidized
state (black spectra) or in their reduced states (red spectra: samples reduced with TCEP
and NADH; blue spectra: samples reduced with TCEP, NADH, and Hs). IR spectra were
acquired at 10 °C, while EPR spectra were recorded at either 10 K (d) or 35 K (e, f).

IR spectra of as-isolated HtSH exhibit up to three distinct bands at 1993, 1964, and
1936 cm™! (Fig. 6.6, trace a). Signals in this spectral region are generally associ-
ated with the stretching vibration of the intrinsic CO ligand of the [NiFe] active site,
and different vibrational frequencies reflect distinct redox/structural states of this co-
factor. 11:50:86,144.261 The three individual CO stretching vibrations of oxidized HtSH are
separated by approximately 30 cm !, which is exceptional for active site species of oxidized
[NiFe]-hydrogenases. This observation suggests that the active site of as-isolated HtSH
can adopt three configurations that strongly differ in terms of structural and/or electronic
properties. The signal at 1964 cm™! may reflect the apparently EPR silent “Ni,-B-like”
state (Fig. 6.1), which was previously detected for ReSH and other NAD(P)*-reducing
[NiFe]-hydrogenases, while the band at 1936 cm™! is assigned to the Ni,-S state (see be-
low). 79:100,105,125,254 The gjgnal at 1993 cm™!, however, is unprecedented and absent in
as-isolated ReSH and related species, vide infra. ™H87105:130.254 According to relative inten-
sities of the CO stretching bands, the contributions of the three different states varied
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across different as-isolated HtSH preparations. The unusual signal at 1993 cm™!, how-
ever, generally represented the dominant species. As stated in literature, such a high
CO stretching frequency has not been observed for any [NiFe]-hydrogenase to date. This
suggests unusually high oxidation states of the metal ions, e.g. formation of ferric iron, or
unusual structural features at or in close vicinity of the [NiFe] active site.?*3 In general,
such observations and the appearance of multiple oxidized states may result from the con-
tact with O, during and after protein isolation.!%® Importantly, all IR-spectroscopically
detected oxidized species of the HtSH active site can be activated under reducing condi-
tions (Fig. 6.6, traces b and c), as observed previously for, e.g., ReSH.'% This indicates
that the modifications reflected by the uncommon signal at 1993 cm ™! are reversible and
not related to oxidative damage. In a recent published crystallographic analysis, an un-
usual coordination geometry was suggested for the HtSH (see Fig. 4.5).23* Here, the Glu32
coordinates the Ni and the terminal Cys462 is shifted into a bridging position. However,
in a preliminary DF'T study this unexpected structure did not induce such a strong shift
in the CO stretching frequency (Marius Horch, personal communication), which might be
i.a. related to the missing protein environment.

The EPR spectrum of as-isolated HtSH was measured at 10 K (Fig. 6.6, trace d)
and exhibits a minor signal, presumably related to a [3Fe4S] cluster. Since no such
cofactor is expected for native HtSH, this feature likely reflects the (partial) oxidative
damage of one or more [4Fe4S] clusters, which is in line with preparation-dependent
variations of the signal intensity. This situation is reminiscent of ReSH and the related
NAD™-reducing hydrogenase from Rhodococcus opacus (Ro), both of which exhibit simi-
lar signals related to (non-native) [3FedS] species. >®87:113,222,223,254.281 Fyyrthermore, a weak
rhombic signal, detected at 35 K, (Fig. A.11, trace a) is presumably related to a param-
agnetic [NiFe] active site state of as-isolated HtSH. Signals related to typical active site
species of oxidized “standard” [NiFe]-hydrogenases, however, were not detected, which is

consistent with previous findings for NAD(P)"-reducing hydrogenases from other organ-
isms, 53:71,100,113,130,223,254,281

Upon addition of the mild reducing agents TCEP and NADH to as-isolated HtSH, bands
at 1993 and 1964 cm ! disappeared from the IR spectrum in favor of two new absorption
features at 1971 and 1951 ecm ™! (Fig. 6.6, trace b). The former is ascribed to the Ni,-C
state of the enzyme, which is in line with previous studies showing that Ni,-C exhibits
the highest CO stretching frequency among all catalytically active [NiFe] species. 4 The
second band, observed at 1951 cm™!, is assigned to the one-electron more oxidized Ni,-
S state, consistent with an intensity decrease upon hydrogen incubation of the enzyme
(see below and Fig. 6.6, trace ¢). In ReSH and soluble hydrogenase I (SH1) from the
hyperthermophilic organism Pyrococcus furiosus (Pf), this state corresponds to signals
at 1946 cm™11% and 1950 cm ™' ™, respectively (note that PfSH1 differs from HtSH and
ReSH in terms of its subunit and cofactor composition).!% The band at 1936 cm™! gains
intensity upon incubation of as-isolated HtSH with TCEP and NADH (Fig. 6.6, traces
a and b) indicating that it reflects a partially reduced [NiFe] species with a formal Ni**
oxidation state. Since this CO stretching frequency is clearly lower than those observed
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for most other HtSH [NiFe] active site species, we tentatively assign this intermediate to
the deprotonated Ni,-S subspecies, which features a bridging OH-ligand.

The corresponding EPR spectrum of TCEP/NADH-reduced HtSH was recorded at
35K and clearly shows the hydride-containing Ni,-C state (Ni**, S= 1/2), consistent
with the corresponding assignment of the strong IR absorbance at 1971 cm~!. Moreover,
signals attributed to a [2Fe2S] cluster (consistent with the results obtained by NRVS, Fig.
A.12) and a flavin radical species were detected (Fig. 6.6, trace ¢). These assignments
are supported by simulation and subsequent summation of the individual EPR-active
components (Fig. 6.6, trace e, dashed line) and consonant with previous assignments for
ReSH and RoSH.®7187,100,113,143,223,254,281 \[easurements performed at 10 K (Fig. A.11,
trace b) revealed an additional broad signal at g = 1.85, possibly reflecting a [4Fe4S]
cluster.

Upon incubation of HtSH with H, (in the presence of TCEP and NADH), the 1971 cm ™!
band, assigned to the Ni,-C state, becomes the most intense signal of the IR spectrum,
and corresponding CN stretching vibrations of this catalytic intermediate can be identi-
fied at 2076 and 2089 cm™! (Fig. 6.6, trace c). Moreover, a new redox species is formed
as indicated by the appearance of an absorption band at 1958 cm™! (Fig. 6.6, trace c).
According to spectro-electrochemical measurements (Fig. 6.7, traces b and ¢), an enrich-
ment of this species requires lower potentials than that of the Ni,-C state. Therefore, we
attribute this signal to the fully reduced Ni,-SR species with corresponding CN stretch-
ing bands at 2076 and 2062 cm ™!, which is in line with band assignments for PfSH1.7
In case of ReSH, a similar set of signals, including an identical CO stretching band at
1958 em™!, has been assigned to the Ni,-SR2 state.!%%101105 Iy the current case, however,
this assignment is less plausible since CO stretching bands of HtSH active site redox states
appear to be generally higher in frequency than their counterparts in ReSH. Two further
weak bands at 1943 and 1934 cm™! (Fig. 6.6, trace c; Fig. 6.8, trace a) might reflect
Ni,-SR’ and Ni,-SR” subspecies of the reduced state.°%1% Consistently, these states were
observed as bands at 1940 (Ni,-SR’) and 1931 em™" (Ni,-SR”) for PfSH1, which also ex-
hibits generally higher CO stretching frequencies than ReSH.™ Observation of these two
subspecies provides further support for the assignment of the 1958 cm™! band to Ni,-SR
as there is no other signal in the IR spectrum of HtSH that could be attributed to the
main component of this species.

The EPR spectrum of Ho-incubated HtSH, recorded at 35 K, is dominated by the signal
of the [2Fe2S] cluster (Fig. 6.6, trace f) confirming further enzyme reduction. In contrast
to the IR data, this EPR spectrum exhibits only trace amounts of the Ni,-C state. How-
ever, in addition to broad features at positions typical for reduced [4Fe4S] cofactors (g =
1.83), an EPR spectrum recorded at 6.5 K (see Fig. A.11, trace c) reveals pronounced
broadened signals in the field range characteristic for the Ni,-C state, indicating strong
magnetic coupling of the active site with another paramagnetic species. This temperature
dependence of the Ni,-C signal pattern can be explained by fast spin-lattice relaxation of
an Fe-S cluster near the [NiFe] site, leading to enhanced relaxation and broadening of the
Ni,-C signal until its disappearance at higher temperatures. Similar magnetic interactions
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have been described in detail for “standard” [NiFe]-hydrogenases,?>®? and particularly
pronounced coupling effects were also reported for PfSH1,%® Pyrococcus furiosus ferre-
doxin,'® and individual clusters of homologous respiratory Complex I.16%179:203 For the
Ni,-C state of HtSH, this effect appears to be most pronounced for the NADH/TCEP /H,-
treated sample. Assuming that unspecific, preparation-dependent effects can be excluded,
this observation suggests that spin-lattice relaxation is accelerated by coupling to a para-
magnetic cofactor ([4Fe4S] species) that is barely reduced by TCEP/NADH alone.
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Figure 6.7. IR spectra of HtSH from spectro-electrochemical measurements. Spectra were recorded at
a) open circuit potential (+270 mV), b) -440 mV, ¢) -350 mV, d) -310 mV, e) -190 mV,
and f) +460 mV vs. SHE.
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To support band assignments and gain insight into the reversibility of redox reactions at
the [NiFe| active site of HtSH, initial IR spectro-electrochemical measurements and gas-
exchange experiments were performed (Fig. 6.7 and Fig.6.8). As summarized in Table
6.4, these studies allowed a preliminary assignment of the CN stretching bands for all
detected [NiFe] active site states. In Fig. 6.7 the spectro-electrochemical data essentially
confirm the band assignments. As observed, the enrichment of Ni,-S is found to require
higher potentials than the formation of Ni,-S (Fig. 6.7, traces d and e).
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Figure 6.8. IR spectra of TCEP/NADH /Ha-treated HtSH, recorded at 10 °C after slow re-oxidation of
the enzyme, achieved by diffusion of air into the IR cell for 0.5 h (a), 5 h (b), and 8 h (c).
Trace a represents the spectrum of HtSH recorded directly after Hy incubation (analogous
to Fig. 6.6, trace c).

Moreover, CN stretching frequencies of Ni,-S, Ni,-B-like, and the 1993 cm™! species
can be tentatively assigned to signals at 2089/2076, 2098/2087, and 2090/2081 cm™*,
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respectively (Fig. 6.7, traces a, d, and f). While CN stretching bands of Ni,-S cannot be
clearly identified in the spectro-electrochemical data (Fig. 6.7, trace e), the entirety of
all previous assignments leaves the two bands at 2071 and 2058 cm ™! (Fig. 6.6, traces a
and b) as the most plausible candidates. For further validation re-oxidation experiments,
where O, diffuses slowly into the IR transmission cell, were carried out (Fig. 6.8). After
approximately 5 h, intensities of the bands at 1934, 1943, and especially 1958 cm™!
decreased in favor of the signals at 1971 and 1951 c¢m™' (Fig. 6.8, trace b), which
indicates conversion of the fully reduced states to Ni,-C (and Ni,-S). Consistently, the
intensity of CN stretching bands assigned to Ni,-SR (2076 and 2062 cm™!) decreased as
well, revealing a faint doublet at ca. 2062 and 2048 cm™!, which may reflect residual
amounts of the Ni,-SR’ and/or Ni,-SR” subspecies. 1% Upon further re-oxidation (8 h
of air diffusion into the IR cell, Fig. 6.8, trace c), the band at 1936 cm™! re-appeared, and
the signal at 1951 cm™! increased in intensity. The obtained spectrum resembles the one
recorded from the TCEP /NADH-reduced sample, reflecting conversion of Ni,-C into Ni,-
S and Ni,-S (Fig. 6.6 trace c¢). Thus, findings from slow re-oxidation experiments support
the IR assignment of typical [NiFe| species detected for HtSH and their interrelations. The
monitored interconversions also confirmed the above-made assignments of the individual
[NiFe] active site species, and the corresponding redox equilibria could be established (Fig.
6.1 ¢). Remarkably, after reduction of as-isolated HtSH and subsequent re-oxidation, the
[NiFe] active site species reflected by the unusual 1993 cm™! band did not re-appear
(Fig. 6.7 and 6.8). Thus, we propose that the reaction resulting in this particular species
is kinetically hindered, suggesting a pronounced structural reorganization. In line with
the unusually high CO stretching frequency, this observation supports the idea that this
oxidized state differs considerably from other typical [NiFe] active site intermediates,

which might be reflected by the unusual coordination geometry found by Shomura et
al. 34

6.1.5. Conclusion

In this study, the first combined biochemical and spectroscopic characterization of a
NAD*-reducing [NiFe]-hydrogenase that is both thermostable and Os-tolerant is provided.
The enzyme originates from the thermophile Hydrogenophilus thermoluteolus TH-17, and
its corresponding structural genes were heterologously overexpressed in the mesophilic
host Ralstonia eutropha H16.92 This procedure resulted in the formation of catalytically
active HtSH protein, which clearly shows that the hydrogenase-specific maturation ma-
chinery from R. eutropha is capable of synthesizing and inserting the NiFe(CN),CO co-
factor into the large hydrogenase subunit of HtSH. Taking into account the successful
heterologous overproduction of SH from Rhodococcus opacus, R. eutropha seems to be an
excellent host for synthesis and isolation of catalytically active SH proteins from bacterial
species that are so far unamenable to genetic engineering. %6

Table 6.2 shows biochemical and structural properties of the HtSH in comparison with
those of other soluble NAD(P)"-reducing [NiFe]-hydrogenases. The isolated HtSH is a

72



6.2. An S-Oxygenated [NiFe] Complex Modelling Sulfenate Intermediates

heterotetrameric enzyme with a turnover frequency of ca. 150 s=! for Hy-driven reduction
of NAD™ at pH 6.5 and 50 °C. In terms of biotechnologically relevant cofactor regen-
eration, the HtSH is complementary to PfSHI1, which preferably reduces NADP™ in a
H,-dependent manner at high temperature. 14207 Although to a lesser extent when com-
pared to ReSH, HtSH shows catalytic Hy-mediated NAD™ reduction in the presence of O,
in solution assays. For PfSH1, Os-tolerant Hy oxidation (but not NAD(P)* reduction)
has so far only be shown electrochemically with immobilized enzyme.!?® Though phyloge-
netically closely related to HtSH and ReSH, the purified bidirectional [NiFe]-hydrogenase
from Synechocystis sp. seems to be rather unstable and is rapidly inactivated by O,. The
well-characterized and extraordinary Os-tolerant ReSH, in contrast, shows good stability
and highest activity at moderate temperatures and pH 8, but quickly loses activity at
temperatures above 35 °C.2%2 In summary, the HtSH represents an attractive candidate
for biotechnological applications, e.g., as an NADH regeneration catalyst in enzymatic
cascades that rely on high temperatures and Oy as a co-substrate.

EPR, IR and NRV spectroscopic analyses of the HtSH protein revealed the occurrence
of FMN; [2Fe2S], and [4Fe4S] cluster species as well as typical active site states that have
been observed for other soluble NAD(P)"-reducing [NiFe]-hydrogenases. 711 These in-
clude the Ni,-B-like state that is not directly involved in Hy/H* cycling as well as the
Ni,-S, Ni,-C, and Ni,-SR states which are generally accepted to be intermediates of the
catalytic cycle. While the Ni,-C state was identified both by IR and EPR spectroscopy,
all other states are EPR silent and were assigned based on IR spectroscopic analyses only.
Interestingly, the Ni,-C signal in the EPR spectrum of Hy-treated HtSH was mainly ob-
served at temperatures below 10 K, presumably due to fast spin-lattice relaxation related
to magnetic coupling with another cofactor that is paramagnetic under these reducing con-
ditions. This observation represents an important finding that could explain why Ni,-C
and other paramagnetic active site species have often not been observed for NAD(P)*-
reducing [NiFe]-hydrogenases. 1% Furthermore, the as-isolated, oxidized HtSH exhibits
a CO stretching vibration at 1993 ecm™!, which is extremely high in frequency and so
far unprecedented for [NiFe]-hydrogenases. This unusual vibrational band most likely re-
flects an alternative geometry and/or coordination environment of the hetero bimetallic
active site. Regarding the now available crystallographic data, also further spectroscopic
investigations are currently in progress to gain detailed insight into the structure of this
unprecedented species. 234

6.2. An S-Oxygenated [NiFe] Complex Modelling
Sulfenate Intermediates

The following passages were already published and are discussed with kind permission of
Wiley. 140 As stated in chapter 5.6 the synthetic design and work was performed by Dr.

Nils Lindenmaier from the group of Prof. Dr. Matthias Driess.
Oxygen is known to reversibly inhibt most [NiFe|-hydrogenases. As displayed in chapter
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4.3.3 two paramagnetic redox states (Ni**, S = 1/2) are described, Ni,-A and Ni,-B, which
differ in the time necessary for their reductive reactivation.'** These observations are ra-
tionalized by the presence of different oxygen species in the bridging position between
the two metals, i.e., a hydroxo species in case of Ni,-B and, possibly, a (hydro)peroxide
in Ni,-A.17256262 The formation of the later is acknowledged to be a key-determinant
for Oq sensitivity of standard [NiFe|-hydrogenases. However, the molecular details are
still not fully understood.?®3. The Ni,-A state is not observed in the soluble hydrogenase
(see also 4.3.5).1% Previous IR studies revealed an unusual spectrum for the active site
of purified SH. Generally, the diatomic ligands of the [NiFe] metal center generate one
CO and two CN stretching bands in oxygen-sensitive [NiFe]-hydrogenases. In contrast to
these findings, one CO and four CN stretching modes were detected for the as-isolated,
oxygen-tolerant SH.87190:254 Gince the SH is also equipped with a standard set of di-
atomic ligands, the reliable interpretation for the unusual IR spectroscopic signature of
the as-isolated enzyme remain to be clarified. 19?9 Horch et al. proposed a reversible
sulfoxygenation of the active site (see also Fig. 4.2, left).!%® Thereby, one of the two
bridging cysteines is the reactant which could involve the detoxification of an interme-
diary peroxo species (putatively Ni,-A) by means of a sulfur-based peroxidase reaction.
This suggestion might be a feasible approach for the SH which has access to low-potential
electrons from NAD(P)H.31:3%130.220 Notably, the NADH peroxidase uses such a mecha-
nism. 29 Moreover, such reversible oxygenations of metal-bound sulfur were also detected
for Ni model complexes.*? As a result, the understanding of the fundamental principles
and intermediary species are of great significance and may stimulate the design of bioin-
spired catalysts which are able to generate dihydrogen in the presence of atmospheric
oxygen.

In view of the proposed structure and the underlying mechanism of Os-tolerant Hy cy-
cling by this bidirectional, NAD™ reducing [NiFe]-hydrogenases, synthetic S-oxygenated
heterobimetallic [NiFe| model complexes are important systems for a) gaining a better
understanding of the proposed bridging sulfenate moiety and b) providing a reference for
(vibrational) spectroscopic studies of the biological system. So far, however, extensive
modelling of the [NiFe]-hydrogenase active site mainly focused on proposed intermediates
of catalytic Hy cycling and the reactivity of the derived molecular mimics. 2337:55,144,238
In contrast, biomimetic models for the interaction of the [NiFe] active site with Oy are
scarce. Oq-inhibited states of prototypical [NiFe|-hydrogenases served as inspiration to
the modelling community, but synthetic analogues reflecting their structural properties
were not reported thus far. More recently, Ogo et al. observed the activation of Oy by a
heterobimetallic [NiFe] complex at low temperatures, which, however, led to an Fe** side-
on peroxido species with no biological analogue. " To gain insight into the O, tolerance of
[NiFe]-hydrogenases, the (reversible) S-oxygenation of mononuclear Ni and homobimetal-
lic [FeFe] thiolato complexes was investigated in pioneering studies by Darensbourg and
co-workers. 47" However, heterobimetallic S-oxygenated [NiFe] complexes with mixed thi-
olato and sulfenato bridging moieties were not reported.

In this interdisciplinary approach, the first heterobimetallic S-oxygenated [NiFe] com-
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plex 1 is presented and characterized, which bears one bridging thiolato S atom and one
bridging sulfenato moiety, as proposed for ReSH (see Fig. 4.6 and 6.9). Experimental and
theoretical results are analyzed with respect to selected electronic, structural, and spectro-
scopic properties that are relevant for the mechanistic understanding of this Os-tolerant
enzyme. 100,105

Following the synthetic procedure for a related functional [NiFe]-hydrogenase model,
the reaction of the cis-dithiolato nickel precursor Ni(bmmp-daco) (bmmp-daco = N,N’-
bis(dimethyl)-mercaptopropyldiazacyclooctane) and FeBry yielded compound 2, which
was isolated as a red-brown powder in 77% yield.®®1™® Its S-oxygenated congener was
obtained by an analogous procedure employing the mixed thiolato/sulfenato nickel com-
plex Ni(bmmp-daco)SO.3° This approach led to the first heterobimetallic S-oxygenated
[NiFe] complex 1, which was isolated as a brown powder in 72% yield. The elemental
compositions of 1 and 2 were confirmed by elemental analysis (see Appendix, section B).
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Figure 6.9. Molecular structures of 1 (left) and 2 (right) determined by single-crystal X-ray diffrac-
tion (Cambridge Crystallographic Data Centre 1515404 (1) and 1515403 (2)). Thermal
ellipsoids set at 50% probability. Hydrogen atoms and co-crystallized solvent molecules
are omitted for clarity. Selected distances [A] for 1: Fel-Nil 3.508, S1-O1 1.562(2), Fel-O1
2.012(3); for 2: Fel-Nil 3.074, Fel-S1 2.4034(6), Fel-S2 2.4100(7).

Single crystals suitable for X-ray diffraction were obtained in both cases by diffusion of
diethyl ether vapor into saturated acetonitrile solutions at ambient temperature. The S-
oxygenated [NiFe| complex 1 crystallizes as dark brown rods in the monoclinic space group
P2, /c (Fig. 6.9, left). The Ni center is square-planar whereas the Fe center is coordinated
in a pseudo-tetrahedral fashion. The distance between Ni and Fe is 3.508 A, indicating
that there is no metal-metal bond. The non-S-oxygenated [NiFe] complex 2 crystallizes
as red hexagons in the space group P2;/c, and the Ni(uRS)Fe core displays a butterfly-
like structure with a square-planar Ni and a tetrahedral Fe center (Fig. 6.9, right). The
distance between the two metal centers is 3.074 A and thus shorter than in 1 but still
indicating the absence of covalent metal-metal interactions (for further crystallographic
information see Table B.1-B.4).
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In the S-oxygenated complex 1, the metal centers are bridged by one thiolato S atom
and the sulfenato SO moiety with the O atom being coordinated to the Fe [d(Fel-O1)
= 2.012(3) A]. Notably, the only other literature-known example with a sulfenato moiety
that is O-bonded to a synthetic metal center is a mononuclear cobalt complex reported
by Jackson et al.'®” In the homobimetallic diiron thiolato/sulfenato complex reported
by Darensbourg et al., both metal centers are bridged by the thiolato and sulfenato S
atoms, and the O atom is not involved as a binding partner.'! However, for the present
heterobimetallic system, DFT calculations (see below) showed that a hypothetic isomer
of compound 1 with the sulfenato ligand bridging both metal centers via the S atom
is not a minimum-energy structure. In conclusion, complex 1 represents the first com-
pound reflecting the bonding pattern proposed for the most probable sulfenate species
in fully oxidized ReSH, which confirms the general possibility to stabilize this type of
configuration.

The 'H NMR spectra of 1 and 2 in CD3OD show broad resonances and thus indicate
that both complexes are paramagnetic (see Fig. B.1). Measuring the magnetic suscepti-
bility in CD3OD solution according to Evans’ method?%? revealed an effective magnetic
moment fi. 7 of 4.6 pp for 1 and 4.9 up for 2, indicating S=2 ground states. This hypothe-
sis was corroborated by SQUID experiments, which confirmed a temperature-independent
effective magnetic moment fi.¢; of approximately 4.9 up above 50 K for both complexes
(see Fig. B.4). Moreover, >"Fe Mossbauer experiments in the absence of an external
magnetic field revealed a large isomeric shift of 4=0.85 mm-s~! with a large quadrupole
splitting of AEg=2.95 mm-s~! for 1 and §=0.91 mm-s~! and AF,=3.10 mm-s~' for 2,
respectively, clearly revealing ferrous high-spin centers in both complexes (see Fig. B.5).
Overall, the electronic structure elucidation suggests that the metal centers of both 1
and 2 can be described as low-spin Ni?* and high-spin Fe?* states, which is in line with
the coordination geometries observed by X-ray diffraction and in partial agreement with
proposals for ReSH (Ni**Fe?", low-spin).

These experimental findings were further supported by DFT calculations (for compu-
tational details see the chapter 5.11), which also suggest an S=2 ground state for both
1 and 2 in accordance with the experimental data. The lowest unoccupied molecular
orbitals (LUMOs) of both complexes show antibonding character, mainly involving the
d,2_,2 orbital of the Ni center and the donating p-type orbitals of the surrounding NS,
coordination sphere of the Ni center. The HOMOs of 1 and 2 are singly occupied molecu-
lar orbitals (SOMOs) and correspond to a d orbital of the iron center (see in the Appendix
Fig. B.3).

To gain further insight into reversible cysteinate oxygenation of ReSH, we focused on
the bonding situation of the SO moiety in complex 1 (also compare Table B.5 - B.7).
Here, a calculated Mayer bond order!5>1%6 (MBO) of 1.14 indicates only minor double-
bond character (MBO of SO in Ni(bmmp-daco)SO=1.52) and natural bond orbital (NBO)
analysis?%527! suggests a o-bond (Table B.8). Consistently, X-ray diffraction revealed that
the bond between the sulfenato S and O atoms of compound 1 is elongated in comparison
to the starting material [d(S1-01)=1.562(2) A in 1 and d(S1-01)=1.550(8) A in Ni(bmmp-
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daco) SO], suggesting a lower bond order of the sulfenato moiety. Furthermore, NBO
analysis revealed a stronger polarization of the SO bond in 1 compared to Ni(bmmp-
daco)SO. These observations can be related to O-based sulfenato binding to the Fe center,
which polarizes and weakens the SO bond. During O, detoxification by ReSH, this effect
may be important for the final step of sulfenate deoxygenation, which is a prerequisite for
restoring catalytic Hy cycling. 1%
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Figure 6.10. A) IR and B) RR vibrational spectra of Ni(bmmp-daco)FeBrs (2; black), Ni(bmmp-
daco)SOFeBry (1; blue), and Ni(bmmp-daco)S®OFeBry (3; red). The marked bands
represent the S0 and S'®0 stretching vibrations, respectively. All spectra are baseline-
corrected.

Vibrational spectroscopy is a powerful technique for characterizing hydrogenases in
terms of their structural and electronic properties. So far, however, suitable approaches
for the direct probing of oxygenated cysteines in [NiFe|-hydrogenases have not been es-
tablished. To elucidate suitable markers for such studies, the ¥*O-labeled S-oxygenated
[NiFe] complex Ni(bmmp-daco)S'®OFeBr; (3) was also prepared (see chapter 5.6). Sim-
ilar to other sulfenato complexes of Fe or Ni,% 7716 the IR spectrum of solid 1 shows
a characteristic band at 881 cm™!, which is absent in the non-S-oxygenated complex 2
(see Figure 6.10 A, blue and black). Furthermore, this band is shifted towards lower
frequencies by about Av=34 cm™! in the spectrum of the '®O-labeled [NiFe] complex
3 (Figure 6.10 A, red). This 'O isotopic shift is in line with the DFT calculations
[Av(SO)prr=31 ecm™!] and publications on related S-oxygenated Ni complexes.30:60:77
Based on these findings, this band was assigned to the sulfenato SO stretching vibration.
Interestingly, both isotopologues of the mononuclear mixed thiolato/sulfenato complex
Ni(bmmp-daco)SO exhibit higher frequencies than the corresponding heterobimetallic
[NiFe] complexes [v(S'%0)=928 cm™'; v(S®0)=897 cm™!; see Appendix, B.6 and B.7].
This observation confirms a weaker SO bond in complex 1 (see above), demonstrating
that the SO stretching vibration is a valuable marker for evaluating relative bond lengths
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6. Results and Discussion

and strengths of (metal-bound) sulfenate moieties. Thus computationally aided analysis
of this marker mode may help to identify and characterize possible sulfenate isomers in
ReSH. 195

While the sulfenato SO stretching vibration of small complexes is well detected by
generic IR spectroscopy, the application of this technique to large proteins is often limited
by strong contributions from other signals. In contrast, resonance Raman spectroscopy
selectively probes vibrational modes of a chromophore embedded in a macromolecular
matrix, such as the active site of hydrogenases.!%'1* Thus, model complexes 1-3 were
also investigated by this technique using A=514 nm excitation.
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Figure 6.11. Resonance Raman spectra of Ni(bmmp-daco)S®OFeBry (1, blue) and Ni(bmmp-
daco)S'®OFeBry (3, red) and difference spectrum 1-3 (dark grey). The SO (blue)
and S0 (red) spectra were normalized with respect to the band at 765 cm ™! prior to
the subtraction procedure.

In line with the IR data, the RR spectra of the S-oxygenated [NiFe| complexes display

distinct bands at approximately 877 cm ™! (1°O-labeled; Figure 6.10 B, blue) and 847 cm™!
(*O-labeled; Figure 6.10 B, red). This observation demonstrates that RR spectroscopy
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is able to selectively probe SO stretching vibrations of metal-bound sulfenates in a coor-
dination environment mimicking the active site of [NiFe|-hydrogenases. Furthermore, a
difference spectrum calculated from the RR signatures of the 1°O- and ¥O-labeled com-
plexes exhibits bands below 400 cm™!, which likely reflect normal modes including Fe-O
coordinates (see Fig. 6.11). These vibrational markers are expected to be sensitive to-
wards variations in metal-ligand bonding. Thus, they represent further valuable probes
for the characterization of metal-bound sulfenates in ReSH or similar enzymes.

In summary, in this chapter the first S-oxygenated heterobimetallic [NiFe] complex 1
as a structural and spectroscopic model for the S-oxygenated active site of the NAD™-
reducing [NiFe]-hydrogenasee from Ralstonia eutropha was presented. Single-crystal X-
ray diffraction, vibrational spectroscopy, and DFT calculations revealed that the sulfenato
moiety possesses a rather weak and polar SO bond and is bound to the iron subsite via the
O atom, which is in line with the structural proposal for the S-oxygenated ReSH active
site.1% The present approach of biomimetic modelling in conjunction with vibrational
spectroscopy provides a sound basis for the design and interpretation of future studies on
this enzyme, and thus a key to the direct assessment of S-oxygenated cysteinates in Os-
tolerant dihydrogen cycling. In the future, compound 1 will also serve as a starting point
for extended structural and functional modelling of biologically relevant S oxygenation.

6.3. RR and IR spectroscopy of the as-isolated and
reduced Moco

In this chapter, a combined approach of RR and IR spectroscopy as well as DFT calcu-
lations was used to observe changes in the ligation sphere of the Mo ion of the Moco in
Formate Dehydrogenase from Rhodobacter capsulatus (see Fig. 5.1). In this interdisci-
plinary work all DFT calculations were performed by Dennis Belger from the group of
Prof. Dr. Maria-Andrea Mroginski. The synthesis of the inorganic model compound
was carried out by Ricardo Nowak from the group of Prof. Dr. Carolo Schulzke and
all sample-related EPR measurements were executed by PhD. Benjamin Duffus from the
group of Prof. Dr. Silke Leimkiihler.

As outlined in chapter 4.5 RR spectroscopy is a powerful technique to probe vibra-
tional modes of cofactors buried inside a protein matrix, such as metal active sites or
chromophores.'% In addition, the combination of RR spectroscopy with computational
chemistry by calculating the in silico spectrum by means of density functional theory al-
lows an assignment of the complex experimental vibrational pattern of the active site and,
in turn the extraction of valuable structural and electronic information. Such a exper-
imental /computational concept was successfully applied to a manifold of enzymes, such
as a regulatory [NiFe]-hydrogenase. 103299236 The final aim of this work is to contribute to
an assignment of catalytically relevant intermediates of the formate splitting reaction.
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6.3.1. Resonance Raman spectroscopy of the as-isolated Moco

As shown by earlier XAS studies the active site of the wild type is a hexa-coordinated
Molybdenum ion in the oxidation state +VI coordinated by two dithiolene moieties, a
cysteine and an sulfido ligand.??> According to this data, a significant amount of oxo
species was detectable. Furthermore, the authors observed non-integer numbers of Mo-O
bonds which might indicate in addition a hydroxo species. RR spectroscopy is a very
sensitive technique to determine specific metal-ligand vibrations. Thus, possible changes
in the ligation sphere of the Molybdenum ion should be observable. In Fig. 6.12 the RR
spectra of the as-isolated FDH"? enzyme (a) and its catalytically inactive maturation
precursor FDHAF4C (¢) are displayed. The dashed lines represent the calculated Raman
spectra of those structural models that exhibit the best agreement with the experimental
data (see Fig. 6.12, trace b and d, see below). In contrast to the previous XAS studies,
both experimental RR spectra display highly homogeneous enzyme preparations which
were provided throughout the spectroscopic characterization.

The FDH harbors several different cofactors, such as the Moco active site, five [4Fe4S]
as well as two [2Fe2S] clusters and a FMN. Therefore, the experimental RR spectra in Fig.
6.12 include all metal ligand vibrations as well as the deformation modes of the organic
FMN. However, in the FDH"?T spectrum (a) a prominent band at 438 cm™! is observed,
which is absent in the FDHAF4¢ sample (c), but instead shows a band at at 864 cm™L.

In order to validate the molecular models of the Moco active site suggested in the
past 90:137:162,225 a11q evaluate thoroughly the current spectroscopic data, DFT calculations
on six different isolated Mo models were performed (see Fig. 5.1 and further computa-
tional details in chapter 5.11). These models are characterized by the Molybdenum ion
in an oxidation state +VI coordinated to the Cys386 and contain either a OH, O, SH or
S as sixth ligand. In the following these models are denoted as Mo%"-XH or Mo®T=X.
The protein environment was treated implicitly by a polarizable continuum model (PCM)
with a relative dielectric constant of e=4.2% Note, that the Raman spectra computed for
the Moco models provide only a qualitative description of the experiments that were
performed under RR conditions. For the sake of clarity, only the vibrational frequency
window between 300-1000 cm™! is plotted where metal-ligand vibrations are expected.
The normal mode assignments are given in Table 6.5. Due to the reduced size of the
cofactor models, the computed Raman spectra displayed in Fig. 6.12 (trace b and d) do
not reproduce all experimental spectral features. This applies specially to those bands
below 400 cm™!, which are mainly attributed to manifold of modes arising from the
FeS clusters that give rise to relatively strong RR bands. 598485236 I the spectral region
above 400 cm~! the lower density of vibrational modes facilitates the identification and
assignment of various relevant spectral features related directly to the Moco. Independent
of the structural model, between 400-900 cm~! DFT calculations predict modes involv-
ing mostly ring deformations and ring stretching vibrations of the pterin (PT) ligands.
The C-S stretching vibrations of the dithiolene ligands (DT) are calculated between 700-
900 cm™!, in most cases coupled with C-C stretching and deformation vibrations of the
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Figure 6.12. RR spectra of the as-isolated FDH"T (a) and the FDHAF4¢ samples (c). The calculated
spectra of those models that display the ebst match with the experimental spectra are
shown as dashed lines (b and d). The corresponding color-coded structures are depicted
on the right. Spectra were acquired using 5 mW of 514 nm excitation in the presence of
10 mM azide at 80 K.

neighboring rings. The vibrational modes involving the Mo ion are distributed over the
entire spectral window. Mo-S stretching modes involving either the dithiolene ligands or
the Cys386 are observed at frequencies below 450 cm ™!, while bond deformations and tor-
sions are predicted at frequencies higher than 450 cm~!. The Mo-O vibrations however,
are found above 600 cm™!. As a result, the stretching modes arising from Mo-S compared
to Mo-O are clearly separated from each other and allow an explicit discrimination.

In the case of the Mo®"-SH model, the Mo-S stretching frequency is computed at
369 cm~! while Mo-S-H bending vibrations are predicted at 633 cm™! and 429 cm ™! with
very low Raman activity. Both vibrational frequencies deviate from the experimental value
at 438 cm~!. Contrarily, the Mo®"=S model (Fig. 6.12, trace b) displays a pronounced
band at 443 cm™! assigned to Mo-S stretching mode localized on the Cys386 and which
is in good agreement with the experimental RR data.
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Figure 6.13. RR spectra of the FDH"7T in H,O (black) and D3O (red). Measurement conditions are
the same as described in Fig. 6.12.

Interestingly, measurements performed in D,O only lead to a small downshift pf the
438 cm™! to 436 cm™! (see Fig. 6.13), whereas the DFT calculations of the Mo®"-SH
model predict a 20 cm™! upshift upon H/D exchange of the SH group. Thus, the good
agreement, between the experimental and calculated Raman spectra support the assign-
ment to the Mo%*=S model and thus a hexa-coordinated Moco in the FDH"7 225 In an
earlier biochemical study it was shown that without the FdsC protein the Moco remains
in an inactive form which is presumably desulfurized.?! A XAS spectroscopic study sug-
gest that this inactive FDH form harbors a hexa-coordinated active site containing an
oxo ligand, two dithiolene moieties and the S-Cys(386). The authors note that the latter
is observed more prominently at pH 9 and may be replaced by a further oxygen ligand
at pH 7.%25 Such a pH dependence was not detected in the RR experiments performed at
the two pH values. Nevertheless, structural differences at the Mo ion of the FDHAF4s¢
state compared to the FDH"? should also be reflected in the corresponding RR spectra.
Thereby, the RR spectrum of the FDHAF%C Jacks the peak at 438 cm™' and shows a
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prominent band at 864 cm™! (see Fig 6.12, trace c¢). Since such a high frequency peak
has not been detected in any other FDH"7 spectrum, the nature of this band as well as
its assignment to a putative oxo-ligand at the sixth coordination site of Mo®" requires
verification by means of DFT calculations.

In order to determine the composition of the mode at 864 cm™ and to elucidate
the nature of the Mo®" oxo ligand, Raman spectra calculations were performed on the
Mobt1a=0, Mond,,,-OH models, in absence of the Cys ligand. In addition, Mo%"=0 and
Mo%+-OH with a Cys-ligand present were compared with the experimental spectrum. For
the penta-coordinated Mo models the Mo-O stretching mode is calculated at 954 cm ™" for
a Mo=0 and at 700 cm~! for a Mo-OH model. In both cases, the positions of the bands
differ significantly from the experimental value at 864 cm ™, such that the MoS,,,=O and
Mogjnta—OH structural models are ruled out. In the case of the hexa-coordinated Mo struc-
tures where the sixth coordination site is occupied by the Cys386, the agreement between
experimental and calculated spectra is significantly better, while the calculated Mo-OH
frequency is too low (767 cm™!) to justify the assignment to the experimental band at
864 cm™!, a good agreement is found for the Mo=O stretching vibration calculated at
873 cm~!. Thus, RR spectroscopy combined with DFT calculations confirms the former
assumption that in the inactive FDHAF%¢ the Mo ion is coordinated by an oxo ligand.??
While the importance of the FdsC protein in the maturation of the FDH"7 was already
shown in activity assays, the current vibrational spectroscopic study confirmed the role
of FdsC for the interconversion of the oxo to the sulfido ligand in the first coordination
sphere of the Molybdenum ion.

1

6.3.2. IR spectroscopy of the as-isolated Moco

In general, small negatively charged molecules, such as azide or NOj3 , enhance the stability
and yield of the Moco content in enzymes. A recently published electrochemical study
showed that azide inhibition strongly depends on the Molybdenum oxidation state.?!!
According to that work, the Mo®" species is more effectively inhibited than the Mo**
state. The authors described this effect to the direct binding of azide to the Molybdenum
ion. In principle, such a coordination of the azide could replace a Cys-S/Se-Mo by a Mo-N
bond. Thus, changes should occur in metal-ligand related modes in the corresponding RR
spectra. In the theoretical model described in the last section an implementation of the
N3 molecule was omitted due to the reconstruction of the dithiolene and protein-based
ligation as previously published.??> Therefore, computation was repeated with azide either
coordinating directly to the Mo ion or in close vicinity of the sulfido ligand. The results
are summarized in Tab. 6.5. Furthermore, the IR-active asymmetric stretching vibration
of the azide molecule is a sensitive marker with respect to a direct binding compared to a
solely electrostatic interaction. In order to further explore the mode of azide inhibition,
RR and IR spectroscopy were applied in combination with DFT calculations.

In Fig. 6.14 the RR spectra of the as-isolated FDH"? supplied with 10 mM azide
(black) and after azide removal (grey) are displayed (for experimental details see chapter
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Figure 6.14. RR spectra of the FDH"? supplied with 10 mM azide (black) and after azide removal
(grey) and are toluene and baseline corrected (see chapter 5.8). Spectra were acquired
using 514 nm excitation at 80 K.

5.1). The spectra are very similar with respect to the band positions, displaying only
slight differences in the band intensities. However, such alterations could be also related
to different concentrations, a varying cofactor content, small variations in the baseline
correction etc. and are, therefore, difficult to interpret. According to the calculations
the Mo-S(Cys) and the Mo-N stretching vibration are located at 375 and 376 cm™!, re-
spectively (see Tab. 6.5). With respect to their Mo=S stretching vibrations, the two
theoretical models afford frequencies that lie within the error range for DF'T calculations
and are, thus, indistinguishable. Notably, the FDH additionally contains five [4Fe4S], two
[2Fe2S] clusters and a flavin cofactor, which contribute to the RR spectrum preferentially
in their oxidized states. Therefore, it is very difficult to discriminate different MoS* lig-
ation spheres in the range between 300-400 cm~! in the RR experimental data. As an
alternative, the asymmetric stretching mode of azide can be probed by IR spectroscopy.
It lies in the spectral range between 2000-2200 cm ™!, which is free of any protein related
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vibrational modes. Applying the previously derived computational model, different pu-
tative interaction scenarios were calculated and compared with the experimental results
(see Tab. 6.5). In such way, this approach should in principle allow for a discrimination
of the azide binding location at the Moco.
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Figure 6.15. IR spectra of the as-isolated FDH" 7 incubated with 10 mM azide (a), FDH"” incubated
with 10 mM azide and treated with 10 mM formate (b), FDHAF4¢ incubated with
10 mM azide (c), apo-FDH incubated with 10 mM azide (d) and FDH"7 after removal
of azide by three subsequent buffer exchanges into azide free buffer (e). Free, soluble
azide (2048 cm~1) is removed by spectral subtraction prior to baseline correction.

In Fig. 6.15 the as-isolated IR spectra of the FDH"? supplied with N5 (Fig. 6.15, trace
a) is displayed. It reveals two bands at 2031 cm™! and 2042 cm™!. Interestingly, upon
treatment with formate the spectrum does not reveal any significant changes (trace b).
According to EPR spectroscopy a Mo®* signal is detectable after incubation with formate
accounting for a reduction of the active site (Benjamin Duffus, personal communication).
Regarding a direct interaction between the azide molecule and the Mo ion, a shift of the
stretching frequency would be expected upon changing the oxidation state from Mo®* to

Mo** /Mo®*. Therefore, a binding in the close vicinity of the active site might be more
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plausible because of the insensitivity of the asymmetric mode. A slight shift to 2033 cm ™!

is observed in the FDHAFC (trace c). As described in the previous section, this particular
species exhibits an oxo ligand. In comparison, the apo-protein, which does not harbor
the Moco, shows just one band at 2039 cm™' (trace d). The latter, which represents
the azide bound somewhere at the protein, is comparable to the band at 2042 cm~! in
the FDH"T (trace a). The small shift observed between the apo-protein and FDH"”
could be a result of structural rearrangements in the protein upon Moco insertion. So
far, the second azide interaction site is unknown. Guo et al. recently reported the azide-
inhibited crystal structure of a metal-free FDH from Candida boidinii.®® In this enzyme,
azide inhibition is purely based on electrostatic interactions in the catalytic center NAD*.
The related N3 stretching frequency was observed at 2045 cm~!. Albeit, this particular
cofactor is not found in the FDH"? it still contains a FMN which might be a putative
azide interaction site. In trace e the azide was removed by centrifugation which results
in a loss of signal. This can be viewed as a control experiment, since azide-free samples
were further used in the reduction process of the FDH"T (vide supra).

Table 6.5. Experimental and calculated values (cm™!) for the vibrational modes of different Moco
azide systems.

Experimental N3-Mo®"=S (Cys)S-Mo®"=S + Ny

v(N3) 2031 2113 2030
v(Mo=S) 438 449 448
v(Mo-N3) 376

v(Mo-S(Cys)) 375

The experimental data is compared to theoretical frequency calculations of the azide
molecule in different sites at the Moco. The results are displayed in Table 6.5. The
calculated value for the asymmetric stretching of the azide molecule in the direct binding
scenario at the Moco is located at 2113 em™!, which is a shift by 82 cm™ compared
to the experimental value. On the contrary, an electrostatic interaction with the sulfido
ligand would yield a theoretical stretching mode at 2030 cm™!. The latter agrees very
well to the experiment. Azide is known to inhibit metal-dependent as well as metal-free
FDHs. 1% Thus, a common inhibition mechanism is rather likely than two individual
ones. It was shown that in metal-free FDHs the azide interacts with His and Arg residues
in the active site by hydrogen bonding. > This may also be in line with the pH dependence
of the azide inhibition in F .coli FDH-H.?!! Here, at acidic pH the inhibition is stronger
than in basic medium, which could be related with protonation/deprotonation of certain
amino acids, especially the protonation state of the His. The important His and Arg
couple is also present in the Moco binding pocket of the FDH"? % In summary, the
present work highlights the benefit of vibrational spectroscopy in the determination of
possible azide interaction sites at the Moco. A direct binding to the Moco as favored
by Robinson et al. is very unlikely by comparing the experimental data with the DF'T
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calculations. According to the latter, an azide location close to the Moco yields a much
better agreement between theory and experiment. However, one has to note that the
protein environment is not considered in the model, due to the lack of a well-resolved
crystal structure. These investigations are currently under way and may provide the
basis for a quantum mechanics/molecular mechanics (QM/MM) approach in the future.
Additionally, a model complex mimicking the active site and containing an azide ligand
is currently synthesized, which may be used as a spectroscopic probe in order to validate
the experimental data found in the FDH"T,

6.3.3. Resonance Raman spectroscopy of the reduced Moco

The FDH"7 is a very complex enzyme harboring multiple cofactors, which all contribute
to the RR spectrum.
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Figure 6.16. RR spectra of the reduced, azide-free apo-FDH using 10 mM NADH (a). The reduction
of FDH was performed by treatment with 10 mM formate as well as azide removal by
centrifugation (b) and c is the difference spectrum of b-a. Both spectra were scaled
to the phenylalanin band at 1000 cm~!. Spectra were acquired applying the conditions
described in Fig. 6.12.
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In contrast to its oxidized form, the fully reduced state of the FMN is known to be a very
poor Raman scatterer as shown by many studies of flavoproteins. 4272282 In addition, the
reduced [4Fe4S] clusters do not exhibit any resonance enhancement at 514 nm. %23 Ags-
suming the latter two cofactors are completely reduced, only the [2Fe2S] clusters and the
Mo active site are putative contributors to the RR signals.%*#4% The enzyme was anaer-
obically reduced using 10 mM formate. In addition, azide was removed by centrifugation
(see chapter 5.1 and Fig. 6.15, trace e) producing much more reproducible spectroscopic
results than after an aerobic, azide-containing treatment. The enzyme is still capable of
oxidizing formate by subsequent cofactor reduction, which is revealed by the detection of
reduced FeS clusters and a Mo®" signal in EPR spectroscopy (Benjamin Duffus, personal
communication). Furthermore, the absence of vibrational bands above 500 cm ™! indicates
a fully reduced flavin.®* One has to consider that the protein samples comprise a general
Moco loading between 30-50%. Therefore, it is interesting to observe the lack of modes in
this particular spectroscopic region which may suggest an autocatalytic behavior between
free soluble and bound flavins of the enzyme.

Table 6.6. Comparison of experimental RR data of the FDH"? derived in this work and in comparison
oxidized and reduced [2Fe2S] proteins as well as a [4Fe4S] protein from previous studies in
cm~!. Measurement parameters are depicted in the footnotes.

Protein RR modes [cm™?]

reduced FDH" 229*  286* 316* 334 351 360 376 403 438
oxidized ferredoxin” 282 329 339 3b7 367 395 426
oxidized putidaredoxin® 291 320 344 370 400 426
reduced putidaredoxin® 273 307/319 381 406
reduced ferredoxin” 267/280 310 328 370 390
oxidized [4Fe4S] iron protein® 248 265 281 335 356 391

“ RR modes marked with an * are negative peaks derived from the subtraction procedure
displayed in Fig 6.16.

" Ferredoxin from Porphyra wmbilicalis. Data taken from ref.®>. The sample was excited
with 514 nm at 77 K applying 100-150 mW laser power.

° Putidaredoxin from Pseudomonas putida. Data taken from ref.5%. 2 mM of protein sample
was excited with 514 nm at 17 K applying 10 mW laser power. The reduction was performed
using 40 mM dithionite.

* Ferredoxin from Clostridium pasteurianum. Data taken from ref.%°. 2 mM of protein
sample was excited with 514 nm at 17 K applying 10 mW laser power. The reduction was
performed using 40 mM dithionite.

“ Iron protein from Clostridium pasteurianum. Data taken from re
sample was excited with 457.9 nm at 17 K applying 10 mW laser power.

£.98 2 mM of protein

In order to assign putative Mo-related modes, the corresponding apo-protein which
contains all other cofactors except the Moco was used as a reference system. In Fig.
6.16, trace a displays the RR spectrum of the FDHA? treated with 10 mM NADH. In
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6.3. RR and IR spectroscopy of the as-isolated and reduced Moco

trace b, the reduced FDH"” spectrum is shown and in trace c the difference spectrum of
FDH"T minus FDHA4P°. While negative peaks in the difference spectra may also result
from different protein folding and/or differences in cofactor concentration, the labeled
six positive peaks are most likely attributed to the reduced Moco although contributions
from reduced [2Fe2S] and residual amounts of oxidized [4Fe4S] clusters are not negligi-
ble. 68698485 These peaks are located at 334, 351 360, 376, 403 and 438 cm~! and the
results are summarized in Tab. 6.6. Especially, the modes below 400 cm™! most likely
represent a overlap between FeS clusters and active site vibrations. Therefore, these bands
are not considered in the further analysis of active site species (vide infra). However, for
the two bands at 403 and 438 cm™! only overlays from the [2Fe2S] clusters are possible.
In the oxidized putidaredoxin and ferredoxin a band is located at 426 cm™! which signif-
icantly downshifts upon reduction to 390 and 406 cm™?!, respectively. Therefore, in the
fully reduced enzymatic sample contributions from [2Fe2S] clusters can be ruled out to
be the origin of the 438 cm~! mode, albeit not a priori of the 403 cm~! mode. Thus,
both bands may be considered as candidates for the Mo=S stretching modes in different
reduced active site states. Surprisingly, the mode at 438 cm~! undergoes only a minor
frequency shift of less than 1 cm™! in comparison to the oxidized state (see Fig. 6.12).
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Figure 6.17. In silico spectrum (a) of the inorganic MoS(dmdt)s complex, which is shown at the top
right corner and the corresponding experimentally recorded spectrum in acetonitrile (b)
using 0.2 mW of 514 nm excitation at 80 K.

In order to explain the minor shift of the 438 cm ™! mode, a small inorganic, penta coor-
dinated MoS(dmdt), complex was investigated (for further details see 5.7). Interestingly,
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6. Results and Discussion

the calculated peak in acetonitrile is located exactly at 438 cm™!. The corresponding

experimental value is found at 430 cm™!, depicting only a minimal shift in organic solvent
compared to the value observed in the enzymatic sample (see Fig. 6.17, trace b). Thus,
it could be possible that the monitored bands in Fig. 6.16 trace ¢ indeed belong to the
reduced state of the Moco.
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Figure 6.18. Comparison between the experimental spectrum (top) and different computed DFT spec-
tra belonging to the different structural and electronic active site models. The correspond-
ing structures around the Mo ion with different charges are shown left and right. The
red dashed lines indicate calculated spectra in D50O.

For the reduced FDHW? | the chemical nature of the sulfur-ligand at the Mo center
and its immediate environment were investigated by means of DFT calculations. For
this purpose, eight structural models of a reduced Moco were generated and energy-
minimized. These models differ in the nature of the sulfur-ligand (S or SH) and the
presence and protonation state of Cys386 and the oxidation state of the Mo center (+1V
or +V). The calculated Raman intensities of Mo-vibrational modes are plotted in Fig.
6.18 together with the corresponding structures. Normal modes involving the Mo** are
predicted very near the experimental values. The band at 438 cm™! is best reproduced by
a penta-coordinated Mo*™=S with a protonated Cys386 (CysH) model with deviations of
only 12 ecm~! with respect to experiment (Fig. 6.18, trace a). This model is characterized
by the presence of a protonated Cys386 directly interacting with the sulfido-ligand at
the Mo center. The presence of the deprotonated Cys386 induces an additional 13 cm™!
upshift of the Mo**=S stretching mode as predicted for model Moﬁjnmzs (Fig. 6.18,
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6.3. RR and IR spectroscopy of the as-isolated and reduced Moco

trace b).

The spectral feature at 403 cm™', however, can be very well described by model
Mo**t=S(Cys) consisting of a hexa-coordinated Moco with a sulfido ligand in the fifth
coordination site and the S-Cys386 on the sixth-coordination site. Here, the Mo**=S
stretching mode is predicted at 406 cm™' (Fig. 6.18, trace b). Interestingly, this vibra-
tional mode does not seem to be significantly influenced by a change of the oxidation
state of the Mo ion. In an equivalent Mo;! =S(Cys) model, the Mo®*=S stretching fre-
quency is predicted to only 6 cm™! higher than the experimental value (Fig. 6.18, trace
g). Thus, from these spectra calculations it is not possible to discard the presence of a
hexa-coordinated Mo®* species. In addition, EPR spectroscopy shows the presence of a
paramagnetic Mo®" species supporting the idea of a mixture of reduced states (Benjamin
Duffus, personal communication). However, contributions from reduced [2Fe2S] clusters
cannot entirely ruled out. The largest deviations from the experimental findings are pre-
dicted for the Mo-SH models (Fig. 6.18, trace d, e, h), where the thiol group represents
the axial ligand. For all computed reduced Mo** or Mo®T states, the Mo=S band appears
at wavenumbers above 438 cm™!. In addition, no significant H/D effects related to the
thiol groups could be detected (see Appendix section C, Fig C.1). Furthermore, in the
computed Mo*"-SH model, the thiol group was energetically unstable and resulted in an
immediate proton transfer towards the sulfur of the Cys(386) (see Dennis Belger, private
communication).

The assignment of the band at 376 cm ™! is difficult. Attributable modes belong either to
one of the thiol-containing models or to the penta coordinated Mo®*=S with a protonated
Cys386 (Fig. 6.18, trace f). However, the latter also produces a band above 450 cm™!.
As a result, none of the applied models can reproduce this vibration accurately and thus,
it is most likely associated with the vibrations of the reduced [2Fe2S] or residual oxidized
[4FedS] clusters (see Tab. 6.6). 598485

In conclusion the data obtained from RR and IR spectroscopy in combination with
DFT calculations may help to elucidate the underlying mechanism of the catalytic cycle
in FDH. Based on the RR spectroscopic results for the as-isolated state, it was possible to
demonstrate that the Moco contains six sulfur-related ligands. From the IR experiments
a direct binding of the azide molecule to the Mo ion appears to be an unrealistic scenario,
although, it can not be fully discarded at this stage and further experiments are neces-
sary to prove this assumption in the future. Currently, the small MoS(dmdt)s complex
incorporating an azide ligand is synthesized, which might serve as a reference system for
IR and RR experiments. In Fig. 6.19 a proposal for the catalytic cycle is outlined. Based
on the spectroscopic results, it is impossible to verify whether the formate molecule is
split via a direct binding or a hydride transfer mechanism. The first stable intermedi-
ate observed in this work is a penta coordinated Mo** species containing additionally a
protonated cysteine. After transfer of the proton to the protein the Cys386 rebinds to
the Mo ion generating a hexa coordinated Mo** state. This is followed by two individual
electron transfer reactions to an intermediary hexa-coordinated Mo®" state and finally
to the fully oxidized Mo®*. The location of the proton hyperfine coupling detected in
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Figure 6.19. Proposed catalytic cycle based on RR spectroscopy and supporting DFT calculations.
After formate oxidation a Mo** state is generated which contains a protonated cysteine.
After removal of the proton, two individual single electron transfer reactions restore the
Mo®%* species.

EPR spectroscopy remains unclear by this analysis and awaits further experimental and
computational efforts. In conclusion, vibrational spectroscopy was applied successfully to
characterize the electronic structure of the Moco active site. This study provided valuable
information about putative intermediates involved in the catalytic cycle. RR spectroscopy
was added to the analytical tool set characterizing FDHs and may provide in combina-
tion with other spectroscopic techniques and calculations more detailed insights into the
fundamental properties of the Molybdenum-based chemistry in these enzymes.
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A. [NiFe]-hydrogenase

94



HtHoxF 1 -——- MTTIRO-RTAPGIRLAAIRHOARSRFGRPLDAQAIRAEIRSTAF SIPPGE ;
ReHoxF 1 MDSRITTILIRYRSDRTRIMIDIMWDVQHEYGHI-PDAVIRPOMGAGLKIMS PLDIRE iy

TtNgol 1l ===
HtHoxF 54 iENIOTP-PARMOMHEVDHYVDHHAGVARLCNHLCAAFAMOPGORTADARLEVGH| GL
ReHoxF 60 )IPJT.DKPSGK] YLCNSYIAKINGYQRVREALERETGMRFGETDPNGMEFGLE DiP@ T (€3
TtNgol I mm
HtHoxF 113 e NGRPMPINEDAARIDALMEKIQAQIPMDQ \

ReHoxF 120 BJNEE] DKVVEFTREBRPGKITDIPMAQLKQGRSPAEIANPAGLPSQDIAYVDAMMYE SNV
TtNgol 1l ———m - e MTGPILSGLDPRFERTLYAHVGK

ReHoxF 180 RTKEJFVF-FRGRIDLRSLLDQCLLLKJEFEQVIETIV]ESRINNEINEEINEISiiGC LN @NDAE
TtNgol 33 EGSWTLDYYLRHGGYETAKRVLKEKTJ§DEVIEEVKRSGIBNENEENSPING LIS FMPKDD

YIFEHT ITT) €AD IBY LRME YOI 1N
KK NAIAAMAT COINKE T \YY LREE Y] 18]

YIREDVIFHLLIE@EUTLRAGCYERMIRATVGY IMVINCIRIRRAAD

HtHoxF 162 HRHLLTWLDgEPAEAVFEHPTAHD DAILQAV?]EAGP TFENA
GP CR|

HtHoxF 222 DPERFLINGI\V:NBINE e enl\VaRNN
ReHoxF 239 SEQKYViNG\BHe NeHin o) s\VaRgs
TtNgol 84 GKOHY LE@\:ND)I S|zle S)3ie)

HtHoxF 282 QMAAARERIASA----- QATVPQAERVTLEMAT€ErN€y:9Y IE SAL TESIEEGKIZGINP RN
ReHoxF 299 YMAROLOELREDGLLGRAIGGRAGEDEDIREOMErNEY:NY I (efe DIy NmuNsiCIHeIqR (€ Tj= /K
TtNgol 144 OAIKEARARGYLGKNLEFG-TDFSFDLHVHR[EZNEV N T [¢l€ F 3 TNV NS L€ LR ANJPNT.K
HtHoxF 337 |RYEVT) H] L VA T\VENGA L S[EPKIME'C\YS AQje
ReHoxF 359 |HEFIEVQ S E SREUMEE[€AD|F] TRIMLS CSKIZ€E
TtNgol 203 HEFIFAQSEL TI LAS)VPIMEREIRDIEFAQ EQ| KIBYQTI S[€PVKRIZE
HtHoxF 397 L)eaFPY| GD)YVTA--ARPLGTRY] TLLPATPEQLAJNPINNEIHAIRP T-
ReHoxF 419 IpeavE TIENEWLAM--VGAR-DA I ECVSVA-KDGERKIQY DS -
TtNgol 263 LPMETTFRELIYEWAGGPLEPIQRIIPGESETPPLPFTEEVLDTPMSY|RHIMOAKESM

HtHoxF 454 ----- VMVEDV PVATMHHFA RNIE S CGICHy
ReHoxF 474 ----- FTIFPNCKINSLLE IYRDHMOINGV EIHS(®[€ T

TtNgol 323 LGTGGVILIPERVSMVDAMWNLTRIGYAHIHIEEK® TIHeIs

HtHoxF 508 ERLAPALEAMALAEIN@GEFCTLSAGNIEVRDLIAHEROOLEAQIOPE--DF I|FAF'S £
ReHoxF 528 DDMVSWGALVIRRT] LEATSPKIFILTTLEKEPEIYONKIBVREIFGPLLIZSFDIRET AR

VAGFMVNLFAKIGTEOGEEK

TQLI-AKTFKIARNEYINTRE
NVDL-HRKV|#WV INEKIACOK
E

TtNgol 383 [BVENLEALLPLIEGREFEPLADAAVWIEVKGSLRHJKDQYLALAREKRPVPRESLW--R-—

HtHoxF 566 AATRRLTGRDDPHAHEAQFEQPE TR
L

ReHoxF 588 GGYEKALK------ DigE————-|

TtNgol ~  ——=——=—————————————————————

HtHoxF 1 - MTTIRORTA-PGIRLAAIBHOARSRF[ERPLINNOAIMAEIMS TAF SIBP
ReHoxF 1 - MDSRITTILIHRYIRSDRTREIDIWDVQHEY[€H T PjRi- Vi#POIMGAGLKI®S
TtNQO2 1 MGFFDDKQDFLEETFAKYPPEGKRRA--ATIMPLIERRVQQEEEWIRPE-RIEETARLVGTT

TtNQO2 58 TEVMGVESIRSYYQFVPTGKMHLOQVCATLSCKLACAEELWDYMTETLGIMGPEEVTPDGLE

HtHoxF 103 FVG INGRPMPIX-IBDAARMDATLIMEKIQAQI PMDQWPTEWEAVTNARS
ReHoxF 110 GLFDiP@®I E DKVVETIR-IBRPGKITDIMAQLKQGRSPAEIANPAGLPSQDJS
E@LESCHTAIRV

HtHoxF 44 GEMAAIVNSIRGINA0 - TPPARMONMHFVDHWVDHHAVANLCNHECAAFAMQOPEORTADARL
ReHoxF 50 LDMREJVEIN4IPZT DKPSG YLCNSIYIAKINEYORVREAWERE TGIRE€@ETDPNGMFE

TtNQO2 118 SVQKV. IQVNDEPYVECVTRARLEALLAGLRAGKRLEEIELPGKCGH-HV
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Figure A.1. Alignment of the HtSH subunit HoxF with ReSH and the corresponding Nqol/2 of Com-
plex I from Thermus thermophilus (Tt). Amino acid residues that are conserved in all
three species are highlighted in red, those conserved only among Ht and Re are boxed in
black. Amino acid residues supposed to be involved in the coordination of Fe-S clusters
are indicated in green. HoxF represents a fusion protein of Nqo2 and Nqol from Tt.
Therefore, two separate alignments were made. One shows the alignment of the complete
Ht and Re HoxF proteins with Nqol (revealing similarities in a large C-terminal region),
and the other one aligns the N termini of the two HoxF proteins with Nqo2.
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Alignment of the HtSH subunit HoxU with ReSH and the corresponding Nqo 3 subunit

of Complex I from Tt The color-code is the same as in Fig. A.1. As the HoxU subunits
of Ht and Re represent a truncated form of Nqo3, only the first 281 amino acid residues
of Nqo3 were used for the alignment.

HtHoxU 1
ReHoxU 1
TtNgo3 1
HtHoxU 6l
ReHoxU 53
TtNgo3 52
HtHoxU 98
ReHoxU 90
TtNgo3 112
HtHoxU 144
ReHoxU 136
TtNgo3 172
HtHoxU 202
ReHoxU 194
TtNgo3 226
Figure A.2.

HtHoxY 1
ReHoxY 1
TtNgo6 1
HtHoxY 39
ReHoxY 56
TtNgo6 61
HtHoxY 96
ReHoxY 114
TtNgo6 112
HtHoxY 154
ReHoxY 174
TtNgo6 135
Figure A.3.
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of Complex I from Tt The color-code is the same as in Fig. A.1.
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Figure A.4. Alignment of the HtSH subunit HoxH with ReSH and the corresponding Nqo 4 subunit
of Complex I from Tt The color-code is the same as in Fig. A.1. Additionally, residues
which are involved in the coordination of the [NiFe] catalytic center are shown in blue.
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HtHoxW 1
ReHoxW 1
HtHoxW 59
ReHoxW 55
HtHoxW 119
ReHoxW 100
HtHoxW 179
ReHoxW 154
Figure A.5.
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Alignment of the HtSH-specific endopedidases HoxW with ReSH. The color-code is the

same as in Fig. A.1.
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Figure A.6.
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Kinetics of Ha-dependent NAD™-reduction (given in absorption units, AU, at 365 nm)
catalyzed by HtSH with (solid line) and without (dashed line) addition of FMN (2 uM).
The assay was performed with 0.5 uM HtSH at 50 °C in 50 mM bis-Tris, pH 6.5, sup-
plemented with 1 mM NAD™, 0.5 mM NiCly, 5 mM MgSQOy, and 0.75 mM TCEP.
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Figure A.7. pH dependence of the Ha-dependent NAD™ reduction activity of purified HtSH protein.
The assay contained 60 nM H¢SH in one of the following buffers: 50 mM citrate, pH 4.5-
7.0; 50 mM Tris/HCI, pH 7.5-8.0; 50 mM glycine, pH 8.5-9.0. Activity was measured in
the presence of 1 mM NADT, 0.5 mM NiCly, 5 mM MgSOy, 2 uM FMN, and 0.75 mM
TCEP at a temperature of 50 °C.
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Figure A.8.
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Determination of the K N4P " by measuring HtSH-mediated Hs oxidation at different
NADT concentrations. Activity was measured at a temperature of 50 °C in 50 mM Ho-
saturated bis-Tris buffer, pH 6.5, 0.125-1.5 mM NAD™, 0.5 mM NiCly, 5 mM MgSQOy,,
2 uM FMN, and 0.75 mM TCEP. The depicted values represent the means derived from
at least two measurements of one protein preparation. The Michaelis-Menten constant
and the corresponding v,,.. value were calculated by non-linear regression. From three
biological replicates, a Ky; of 469 pM with a coefficient of variation (CV) of 9.8% was
derived. The V45 value was 52.7 U mg~!, with a CV of 3.4%, resulting in a turnover

frequency (keqt) of (155 £ 5) s™! (assuming a molecular weight of 167.8 kDa for the
heterotetrameric HtSH).
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A. [NiFe]-hydrogenase

Figure A.9.
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Determination of the K N4PH by measuring HtSH-mediated benzyl viologen reduction
activity (squares) at different NADH concentrations. Activity was measured at a tem-
perature of 50 °C in 50 mM bis-Tris buffer, pH 6.5, containing 5 mM benzyl viologen,
0.125-2.25 mM NADH, 0.5 mM NiCly, 5 mM MgSOy, 2 uM FMN, and 0.75 mM TCEP.
The depicted values represent the means derived from at least two measurements of one
protein preparation. The Michaelis-Menten constant and the corresponding v,,q. value
were calculated by non-linear regression. From two biological replicates, a Ky; 1.17 mM
with a CV of 4.8% was derived. The V,,q, value was was 64.9 U mg™!, with a CV of 3.5%,

resulting in a turnover frequency (keq:) of (179 4 6) s~! (assuming a molecular weight of
167.8 kDa for the heterotetrameric HtSH).



Specific Activity (U - mg™)

[H,] (mM)

Figure A.10. Determination of the K;;%? for Hy by measuring HtSH-mediated NADT reduction
(squares) at different Hy concentrations. Activity was measured at a temperature of
50 °C in 50 mM bis-Tris buffer, pH 6.5, containing 1 mM NAD™, 0.5 mM NiCly, 5 mM
MgSOy, 2 uM FMN, and 0.75 mM TCEP. The resulting data were not compatible with
a classical Michaelis-Menten fit. Therefore, the K, %P for Hy (ligand concentration, at
which half the ligand-binding sites are occupied) was calculated by non-linear regression
(R? = 0.959) and revealed to be 41.6 & 2.5 uM with a Hill coefficient of 2.87 + 0.8. The
origin of the apparent cooperativity is unclear.
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A. [NiFe]-hydrogenase

g-value
23 22 21 2,0 1,9 1,8

2Fe2S

FMN

i)i,«/\\//\/»
4Fe4S? b

2800 3000 3200 3400 3600 3800
field (G)

Figure A.11. EPR spectra of (a) as-isolated, (b) TCEP and NADH-reduced as well as (¢) TCEP,
NADH and Hs-reduced HtSH. Spectra were recorded at 35 K (a), 10 K (b), and 6.5 K

(c).

104



>’Fe PVDOS (cm)

0 100 200 300 400 500

wavenumber (cm™)

Figure A.12. NRVS-derived °"Fe PVDOS in the spectral region reflecting Fe-S cluster modes. The
spectra of as-isolated, oxidized HtSH and ReSH (the latter was taken from ref.3?) are
shown as blue and red traces, respectively.
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B. [NiFe] model complex

Table B.1. Crystal data and structure refinement for Ni(bmmp-daco)]SOFeBrs (1).

Empirical formula C16 H31 Br2 Fe N3 Ni O S2

Formula weight 619.94

Temperature 150(2) K

Wavelength 1.54184 A

Crystal system Monoclinic

Space group P2/c

Unit cell dimensions a = 12.9892(3) A a=90"°
b = 9.3768(2) A £ =93.993(2) °
¢ = 19.2510(4) A y=190"°

Volume 2339.02(9) A3

Z 4

Density (calculated) 1.760 Mg/m?

Absorption coefficient 11.728 mm~!

F(000) 1248

Crystal size 0.45 x 0.04 x 0.03 mm?®

Theta range for data collection  3.41 to 67.50 °

Index ranges -15<=h<=15, -10<=k<=11, -20<=1<=23

Reflections collected 14520

Independent reflections 4196 [R(int) = 0.0510]

Completeness to theta = 67.50 °  99.6%

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.7198 and 0.0767

Refinement method Full-matrix least-squares on F?

Data / restraints / parameters 4196 / 0 / 240

Goodness-of-fit on F? 1.022

Final R indices [I>2sigma(I)] R1 = 0.0365, wR2 = 0.0933

R indices (all data) R1 = 0.0417, wR2 = 0.0977

Largest diff. peak and hole 0.909 and -0.757 e-A—3
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Table B.2. Selected bond length (A) and angles (°) for Ni(bmmp-daco)]SOFeBry (1).

v , Brl
\

F\\

Br(1)-Fe(1) 2.4019(6)
Ni(1)-N(1) 1.970(3)
Ni(1)-N(2) 1.985(3)
Ni(1)-S(1) 2.1578(10)
Ni(1)-S(2) 2.1587(10)
Fe(1)-O(1) 2.012(3)
Fe(1)-S(2) 2.3741(9)
Fe(1)-Br(2) 2.4064(6)
S(1)-0(1) 1.562(2)
N(1)-Ni(1)-N(2) 91.31(12)
N(1)-Ni(1)-S(1) 89.04(9)
N(2)-Ni(1)-S(1) 176.61(10)
N(1)-Ni(1)-S(2) 176.53(9)
N(2)-Ni(1)-S(2) 90.20(9)
S(1)-Ni(1)-S(2) 89.64(4)
O(1)-Fe(1)-S(2) 89.27(7)
O(1)-Fe(1)-Br(1) 108.61(8)
S(2)-Fe(1)-Br(1) 119.26(3)
O(1)-Fe(1)-Br(2) 107.6(7)
S(2)-Fe(1)-Br(2) 109.48(3)
Br(1)-Fe(1)-Br(2) 118.12(3)
S(1)-O(1)-Fe(1) 121.31(13)
Ni(1)-S(2)-Fe(1) 101.30(4)
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B. [NiFe] model complex

Table B.3. Crystal data and structure refinement for Ni(bmmp-daco)|SFeBr, (2).

Empirical formula C16 H31 Br2 Fe N3 Ni S2

Formula weight 562.88

Temperature 150(2) K

Wavelength 1.54184 A

Crystal system Monoclinic

Space group P21/n

Unit cell dimensions a = 11.77290(10) A a=90°
b = 13.21690(10) A B = 92.1640(10) °
c = 12.93160(10) A v =90°

Volume 2010.74(3) A3

Z 4

Density (calculated) 1.859 Mg/m?

Absorption coefficient 13.512 mm™!

F(000) 1128

Crystal size 0.17 x 0.11 x 0.06 mm?

Theta range for data collection  4.79 to 67.49 °

Index ranges -14<=h<=9, -15<=k<=15, -15<=I<=15

Reflections collected 7439

Independent reflections 3615 [R(int) = 0.0230]

Completeness to theta = 67.49 °  99.8%

Absorption correction Semi-empirical from equivalents

Max. and min. transmission 0.4978 and 0.2072

Refinement method Full-matrix least-squares on F?

Data / restraints / parameters 3615 /0 / 203

Goodness-of-fit on F?2 0.851

Final R indices [I>2sigma(I)] R1 = 0.0245, wR2 = 0.0644

R indices (all data) R1 = 0.0265, wR2 = 0.0662

Largest diff. peak and hole 0.555 and -0.374 ¢-A—3
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Table B.4. Selected bond length (A) and angles (°) for Ni(bmmp-daco)]SFeBry (2).
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B. [NiFe] model complex

Figure B.1. A) 'H NMR spectrum of [Ni(bmmp-daco)SO]FeBry, (1) and B) 'H NMR spectrum of
[Ni(bmmp-daco)]FeBrs (2) recorded at 200.13 MHz in methanol-dy at room temperature.
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Figure B.2. UV-vis spectra of Ni(bmmp-daco) (blue), Ni(bmmp-daco)SO (pink), Ni(bmmp-
daco)SOFeBr; 1 (black) and Ni(bmmp-daco)FeBrs 2 (red) in 40 uM acetonitrile solutions.

Table B.5. NBO-Analysis?%%27! of the bonding situation of the O atom in the Ni(bmmp-daco)SO.

NBO atom | polarization | s-character | p-character | d-character
sbond S 36.91% 19.10% 80.07% 0.82%

O 63.09% 19.60% 79.61% 0.77%
lone pair | O - 79.48% 20.51% 0.02%
lone pair | O - 0.82% 98.88% 0.30%
lone pair | O - 0.02% 99.67% 0.30%
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B. [NiFe] model complex

Table B.6. NBO-Analysis2°>27! of the bonding situation of the O atom in complex 1.

NBO atom | polarization | s-character | p-character | d-character
o-bond S 34.28% 18.66% 80.28% 1.05%
O 65.72% 22.26% 77.13% 0.59%
Dative-bond Fe 8.72% 19.39% 27.10% 53.50%
O 91.28 21.53% 78.35% 0.11%
lone pair O - 55.86% 44.03% 0.11%
lone pair O - 0.42% 99.34% 0.22%

Table B.7. NBO-Analysis?°%2"! of the bonding situation of the S atom in complex 2.

NBO atom | polarization | s-character | p-character | d-character
Dative-bond S 84.48% 18.78% 80.97% 0.24%
Fe 15.52% 22.70% 29.73% 47.57%
Dative-bond S 73.68% 13.18% 86.26% 0.55%
Ni 26.32 26.12% 48.80% 25.08%
o-bond S 47.02% 19.15% 79.80% 1.01%
C 52.98% 18.17% 81.77% 0.06%
lone pair S - 48.96% 50.99% 0.05%

Table B.8. Mayer Bond Order %519 of the S-O bond, NPA 204 charges of S, O, Ni and Fe atoms, and
important bond distances (in A) in Ni(bmmp-daco)SO, 1 and 2.

Compound MBO | MBO | MBO O S(0)/S Ni Fe S-O | S-Fe | O-Fe | Ni-Fe
O-Fe | Fe-S | S-O | charge | charge | charge | charge | bond | bond | bond | dist.
NiSO - - 1.52 | -0.94 |0.93/0.12 - 1.545 - - - -
1 0.64 | 043 | 1.34 | -0.84 |0.90/0.06 | 0.02 0.36 | 1.563 | 2.348 | 2.041 | 3.589
2 - 0.43 - - 0.12/0.12 | 0.06 0.08 - 2.386 - 2.964
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Figure B.3. SOMO (A) and LUMO (B) of Ni(bmmp-daco)SOFeBr; (1) and SOMO (C) and LUMO
(D) of Ni(bmmp-daco)FeBra (2).
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B. [NiFe] model complex
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Figure B.4. Temperature dependence of the effective magnetic moment gy of 1 (red) and 2 (blue);
symbols represent experimental data. The solid lines are the result of spin Hamiltonian
simulations for S=2 with parameters D = 6.5 cm™!, E = 0, average <g> = 2.1 for 1,
and parameters D = 3.9 cm~!, E = 0, average <g> = 2.0 for 2. The increase of the data
for 1 at low temperature is assigned to weak intermolecular interaction and was modeled
with a mean field parameter 2zJ = 8 cm™!.
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Figure B.5. °"Fe M&fibauer spectra recorded at 80 K without applied field of 1 (left) and 2 (right);
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rameters given in the text.
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Figure B.6. Normalized IR spectrum (ATR-Diamond) of Ni(bmmp-daco)SO.
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B. [NiFe] model complex
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Figure B.7. Normalized IR spectrum (ATR-Diamond) of Ni(bmmp-daco)S!80.
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Figure B.8. Normalized IR spectrum (ATR-Diamond) of Ni(bmmp-daco)SOFeBrsy (1).
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B. [NiFe] model complex
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Figure B.9. Normalized IR spectrum (ATR-Diamond) of Ni(bmmp-daco)SFeBry (2).
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Figure B.10. Normalized IR spectrum (ATR-Diamond) of Ni(bmmp-daco)S®*OFeBry (3).
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C. Molybdenum cofactor
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Figure C.1. FDH"T reduced with 10 mM formate (black) and 10 mM d-formate (red). Spectra were
acquired using 514 nm excitation at 70 K.
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