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ABSTRACT

ABSTRACT

Hydrogenases are enzymes that catalyze the reversible reaction of electrons and protons to
molecular hydrogen (H,). In the research field of future renewable energy systems, hydrogen
is often considered as ideal energy carrier since its combustion generates only water.
Therefore, hydrogenases are of potential technological interest. However, in order to be able
to use hydrogenases in technological applications, their mechanisms and the factors that affect
their activities need to be better understood. This work addresses these points in different
ways by studying the [FeFe]-hydrogenase from Chlamydomonas reinhardtii, HydAl.

— Paper I: Several non-native cofactors were inserted into unmaturated HydA1 using the
recently discovered unassisted artificial maturation procedure. H production rates
were not improved, but interesting insight into the functionality of HydA1 was shown.

— Paper II: NMR investigations of HydA 1, its natural electron donor PetF and its natural
competitor FNR revealed PetF amino acid residues that are only important for
FNR-binding and not for HydA1-binding. Substitution of those amino acid residues
led to an increased H; production activity of HydA1 in the presence of FNR.

— Paper III: Gallium-substitution of the two iron atoms in PetF revealed the structure of
the whole PetF interface with HydA1. Calculation of a PetF-HydA1 docking model
indicates several amino acid residues as targets for mutagenesis aiming at increased
H, production.

— Paper IV: The novel synthesis of [57Fez(adt)(CN)2(CO)4]2_ and its insertion into
unmaturated HydA1 affords active HydAl selectively labeled with >"Fe, opening
multiple spectroscopic investigations that were not accessible this way before.

Taken together, this work provides different approaches to understand the catalytic activity of
HydA1l in detail and to improve its H, production rate. Overall, engineering of the
HydA1-PetF interface seems to be a more promising target for increasing H, production than

engineering of the binuclear iron core of the active site.
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ZUSAMMENFASSUNG

ZUSAMMENFASSUNG

Hydrogenasen sind Enzyme, die die chemische Reaktion von Elektronen und Protonen zu
molekularem Wasserstoff (H,) katalysieren. Wasserstoff wird oft als idealer Energietrdger der
Zukunft betrachtet, da bei seiner Verbrennung lediglich Wasser entsteht. Um Hydrogenasen
technisch einsetzen zu konnen, muss ihre Funktionsweise zunéchst besser verstanden und ihre
katalytische Effizienz optimiert werden. Diese Arbeit befasst sich mit Untersuchungen an der
[FeFe]-Hydrogenase HydA1 von Chlamydomonas reinhardtii.

— Paperl: Die kiirzlich entwickelte artifizielle Maturierung wurde genutzt, um
verschiedene unnatiirliche Cofaktoren in HydA1 einzubringen. Die dabei entstandenen
Hybrid-Hydrogenasen zeigten zwar geringere H,-Produktionsraten, es konnten jedoch
interessante Erkenntnisse iiber die Funktionalitidt von HydA1 gewonnen werden.

— Paper II: Durch NMR-spektroskopische Untersuchungen an HydAl, seinem
natlirlichen Elektronendonor PetF und seinem Elektronen-Konkurrenten FNR wurden
PetF-Aminoséduren identifiziert, die wichtig fiir die Bindung von FNR, aber nicht von
HydA1l sind. Ein Austausch dieser Aminosduren fiihrte zu einer erhohten
PetF-abhangigen H,-Produktionsrate von HydA 1 in Anwesenheit von FNR.

— Paper III: Durch Gallium-Substitution der Eisenatome von PetF wurde das gesamte
Interface zwischen PetF und HydAl entschliisselt. Die Berechnung eines
PetF-HydA1-Komplexes gibt Hinweise auf verschiedene Aminoséurereste, die als Ziel
fiir Mutagenese benutzt werden kdnnen, um die H,-Produktionsrate zu verbessern.

— Paper IV: Die neu entwickelte Synthese von [*7Fe,(adt)(CN),(CO)4]* ermOglicht die
Herstellung von aktivem, *'Fe-angereichertem HydA 1. Dadurch werden verschiedene
spektroskopische Untersuchungen zuganglich, die vorher so nicht moglich waren.

In dieser Arbeit werden verschiedene Ansidtze gezeigt, um die katalytische Aktivitdt von
HydA1l im Detail zu verstehen und zu verbessern. Verdnderungen an dem HydAl-PetF-

Interface erscheinen dabei vielversprechender als Anderungen an dem aktiven Zentrum.
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INTRODUCTION

1 INTRODUCTION
1.1 The energy problem

1.1.1 General

The so-called energy transition is permanently present in the media: after the Fukushima
nuclear disaster in Japan in March 2011, Germany has decided to shut down all its nuclear
power plants until 2022. Additionally, it is planned to reduce the CO, emission. Therefore, the
use of non-renewable energy sources such as oil and coal has to be abandoned and the future
energy demand has to be generated using renewable energies like solar and wind energy.

To date, this is still a vision. Day by day, we use enormous amounts of oil (more than
100,000 liter per second worldwide).” Although the crude oil prize was increasing in the past,
it recently decreased to about 0.40 § per liter, making oil cheaper than mineral water. Oil is
liquid and, therefore, easy to extract and to transport.® Additionally, our energy infrastructure
is highly optimized for fossil fuel use.” Right now, oil is still available at low costs and thus
intensively used. However, in the foreseeable future, we will run out of oil. Coal will last
longer, but it is the dirtiest of all fossil fuels.® The use of fossil fuels as main energy source
leads to pollution and global warming — severe, probably irreversible damage to Earth’s
atmosphere. The worldwide energy demand is above 120,000 TWh (432%10'® J) per year and
rises constantly due to increasing world population and higher living standards.” It is
estimated to roughly double by midcentury.'® If we want to satisfy our future energy demand
and still live on a planet with a functioning ecosystem, we need abundant, clean, and secure

renewable energy sources.

1.1.2 The hydrogen issue

Hydrogen, the first element of the periodic table, is the most abundant element in the universe
and exists as invisible, light and nontoxic diatomic gas H,. It has an extremely high energy

content of 120 MJ per kg (gasoline: 44 MJ per kg) and its combustion generates only water:"'
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INTRODUCTION

Hy + 0, S Hy0 + 286 kJ mol ™ (1)
Water, an inexpensive and abundant molecule, is a “green carrier” of hydrogen. Hence,
hydrogen is often considered as the ideal “green energy carrier” for the future."
Unfortunately, molecular hydrogen is only present on Earth in very low amounts and,
therefore, it has to be produced under energy consumption. The global hydrogen production is
50 million tons per year, less than 2% of the world’s energy demand, but it is mainly used as a
feedstock for the chemical industry and rarely used as fuel.'"""* Also, the hydrogen generation
is often not carbon-neutral, because it is produced from fossil fuels (natural gas, liquid
hydrocarbons and coal), hence polluting the atmosphere, or requires catalysts containing rare
and expensive metals such as platinum.'*"
Hydrogen as a gas comprises an inconveniently high volume at room temperature and normal
pressure (11,250 L per kg), which can be reduced by pressurizing in a high-pressure (350 atm)
steel tank (56 L per kg) or by liquefying at 20 K (14 L per kg). However, these procedures
also require energy.'' Furthermore, safety aspects of hydrogen as fuel are often discussed
since 4% hydrogen per volume form a flammable mixture with air. The disaster of the
Hindenburg airship in 1937 and the space shuttle Challenger in 1986 are lasting memories,
but one has to consider that also gasoline is flammable and explosive. Additionally, in
contrast to gasoline, hydrogen is volatile and it has a high detonation limit, meaning that it
burns most likely before it comes to an explosion.'®
It would be ideal to produce hydrogen on demand using water splitting and solar energy as
energy source as nature has developed: in some green algae, chlorophyll captures incoming
sunlight and its energy is used to split water into oxygen, electrons and protons. The electrons
can be used for hydrogen production, a reaction catalyzed by so-called hydrogenases.'’
Hydrogen could then be used to produce energy in a fuel cell equipped with catalysts based

on cheap and abundant metals such as iron or nickel.




INTRODUCTION

1.2 Hydrogenases

1.2.1 General

Hydrogenases are metallo-enzymes that catalyze the “simple” conversion from molecular
hydrogen into electrons and protons as well as the reverse reaction, the generation of
hydrogen:18

Hy, S HH+H S2H"+2e” ()

Hydrogenases occur in various different microorganisms of which most are prokaryotes
belonging to the bacteria and archaea life domains. However, some of them belong to the
third domain of life, the eukaryotes.'”” Altogether, around 450 hydrogenases are known
(status in 2007), which show a wide diversity in size, quaternary structure and electron
donors/acceptors.”' They can be classified according to the metal content of their active site,
where the catalytic reaction takes place. The two main groups are the [FeFe]-hydrogenases
and the [NiFe]-hydrogenases.”” The third class are the [Fe]-hydrogenases, which are only
found in methanogenic archaca.”® They do not directly catalyze the reversible splitting of
hydrogen, but need a hydride transfer substrate for their hydrogen converting functionality,
i.e. methenyltetrahydromethanopterin (methenyl-HsMPT"). It reversibly reacts with H, to

methylene-H;MPT and H'.** Figure 1 shows the active sites of all three hydrogenase classes.

Cys Cys [4Fe-4S] HNH
Cys &
\S\ \cs' :§,\ CO Cys/ N \e} §,) /
N Fel ociFE€  Fex~coO
oS / e,
SN N NeT N N
Cys T CN (@)
[NiFe] [FeFe]

Figure 1. Active sites of the three different classes of hydrogenases: the [Fe]-hydrogenase, the
[NiFe]-hydrogenase and the [FeFe]-hydrogenase. GMP is a guanylate residue (deprotonated guanosine
monophosphate). The red arrows indicate the H, binding sites. The nature of X depends on the redox state of the
enzyme and can be O, OH or H .
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[FeFe]-hydrogenases and [NiFe]-hydrogenases share the characteristic feature of carrying the
small inorganic ligands cyanide (CN ) and carbonyl (CO) at iron. Furthermore, they both
possess thiolates bridging between their binuclear cores. In general, [NiFe]-hydrogenases are
more involved in hydrogen oxidation and [FeFe]-hydrogenases in hydrogen production.”
Most of the [NiFe]-hydrogenases can be purified aerobically in an inactive state, whereas
almost all [FeFe]-hydrogenases have to be purified anaerobically.26 Additionally, some
[NiFe]-hydrogenases show oxygen tolerance that is not found in [FeFe]-hydrogenases, e.g.

the membrane-bound [NiFe]-hydrogenase from the proteobacterium Ralstonia eutropha.”’

1.2.2 [FeFe]-hydrogenases

Until the beginning of the 80’s, when hydrogenases were already known for many decades, it
was not unequivocally proven that hydrogenases exist that do not contain nickel.*® In 1984, it
was demonstrated that the hydrogenases from the bacteria Desulfovibrio vulgaris and
Clostridium ~ pasteurianum lacked nickel.”™ The first crystal structure of an
[FeFe]-hydrogenase was published in 1998 by the group of Peters.”® As already shown in
Figure 1, the active center of [FeFe]-hydrogenases consists of a [4Fe-4S]-cluster connected
via the thiolate of a cysteine residue to a unique binuclear [2Fe]-subsite.”’ This unit is called
the “H-cluster”. The two Fe atoms of the [2Fe]-subsite are referred to as the proximal iron
(Fep) and the distal iron (Feq) relative to the [4Fe-4S]-cluster. They are connected via an
azadithiolate bridge and each iron is coordinated by a CO and a CN™ ligand.** CO and CN~
are strong field ligands that keep the iron center in a low spin-state.*> Additionally, there is a
CO ligand that can be bridging (as shown in Figure 1) or terminal depending on the redox
state of the H-cluster (see below, Figure 2).%* Fe, is six-coordinated, whereas Feq is
five-coordinated, leaving an open coordination site where the catalytic reaction occurs.”” In

addition to the H-cluster, many [FeFe]-hydrogenases contain additional [FeS]-clusters,

10
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so called “F-clusters”. The H-cluster is buried within the protein, whereas the F-clusters form
a chain from the H-cluster to the protein surface (or vice versa) for electron transport.

The catalytic mechanism of the [FeFe]-hydrogenases is intensively examined already over
quite a long time, but is still a matter of debate. It has been studied using many different
spectroscopic techniques such as Fourier-transform infrared (FTIR),** electron spin resonance
(EPR),*” *'Fe-Mdssbauer,*® nuclear resonance vibrational (NRVS)*’ and X-ray absorption
spectroscopy.”® Also, electrochemical studies® and density functional theory calculations
(DFT)* have been performed to shed light on the catalytic mechanism.

Figure 2 shows the catalytic mechanism proposed by Adamska ez al. in 2012.*!

Hox-Co ((NH Hox ({NH l/(NH Hox(HZ)
S S S S S S
i\ +CO \ L N +H2 \ L7 N
@Y Fe' Fe'[CO] «—— @M Fe' Fe'[ 1) <= @) Fe' Fe'[H]
-H
C o G

2

- -0
H_, ((HH* \ K(HH‘ H, (H'H-)

S S S S
i\

L ™\
& Fs' Fe'[ ] @Y Fe' Fe'[H]
¢ G
o) \\:e- KNH ’// o)
\ i/
e S_S
AN

H, §®

sred

o=
®
o=

e

Figure 2. Catalytic hydrogen splitting and production mechanism of [FeFe]-hydrogenases as proposed by
Adamska et al. including the inactive Ho,-CO state.*' The [2Fe]-subsite is depicted schematically and the
[4Fe-4S]-cluster is shown as a square with the overall charge indicated.

In general, Feq and the [4Fe-4S]-cluster are redox active and the amine bridgehead functions
as a Bronsted base. The hydride is terminally bound to Fe4 and a flexible CO ligand can either
be bridging or terminal. Describing the catalytic cycle for H, splitting, the oxidized state (Hox)

can be seen as starting point, where molecular hydrogen can bind to the distal iron. There, it is

split heterolytically into a hydride and a proton; the latter is binding to the amine bridge. A

11
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proton is released, Feq and the [4Fe-4S]-cluster get reduced and the former bridging CO is
terminally bound to Feyq. This super-reduced state (Hgeq) is the only state with the
[4Fe-4S]-cluster in its reduced [4Fe-4S]Jrl form. In the next step to the reduced state (H;eq), an
oxidation of the [4Fe-4S]-cluster and back-formation of the bridging CO take place. Finally,
after a further oxidation and loss of a proton, the catalytic cycle is closed. Hyx, Hreqg and Hgeq
are stable intermediates. Another characterized state is the CO-inhibited state (Hox-CO),
which is formed upon CO exposure of the oxidized state. The CO binds to the open

coordination site of the distal iron and blocks the catalytic activity.*>

1.2.3 [FeFe]-hydrogenases in green algae

Green algae are photosynthetically active algae and belong to the eukaryote life domain.
Together with cyanobacteria, green algae are the only organisms currently known that are
capable of both oxygenic photosynthesis and hydrogen production.*” In cyanobacteria,
hydrogen is produced by nitrogenases or in a dark anaerobic reaction by hydrogenases,
whereas green algae produce hydrogen photosynthetically,'” where hydrogen evolution is
observed as a consequence of anaerobiosis or nutrient deprivation.*** Although algae usually
carry out oxygenic photosynthesis, they can adopt to anaerobic conditions by switching their

4346 Under these metabolic conditions, however, harmful

metabolism to fermentation.
end-products such as ethanol can be produced.*” Also, the respiratory chain is only partially
active and the Calvin cycle is inhibited, both functioning as an electron sink under normal
metabolic conditions.* Therefore, in the fermentative metabolism, hydrogenase production is
upregulated,'” because the hydrogenase catalyzes the reaction from electrons and protons to
molecular hydrogen and thereby serves as an electron sink. The formed end product,
hydrogen, is volatile and harmless.

Figure 3 shows a schematic overview of the photoproduction of hydrogen in the green algae

Chlamydomonas reinhardtii.*® Tts hydrogenase HydA1 (see also next chapter 1.2.4) is located

12



INTRODUCTION

in the stroma of chloroplasts.” Electrons, originating from light-induced water splitting at
photosystem II, are transported via an electron transport chain, including several proteins, to
photosystem I and from there to the ferredoxin PetF (photosynthetic electron transport
ferredoxin). This small protein contains a [2Fe-2S]-cluster that is reduced upon electron
delivery.”® PetF can distribute the photosynthetic electrons to a variety of proteins, including

HydAl.48 PetF is, therefore, the natural electron donor of HydAl.51

However, the most
important electron acceptor of PetF is the ferredoxin-NADP -oxidoreductase (FNR), a key

enzyme between photosynthetically produced electrons and the Calvin cycle.’? The subject of

FNR and HydA1 competing for the electrons of PetF is addressed in paper I.?

CH,0

Figure 3. Schematic overview of the photoproduction of hydrogen in Chlamydomonas reinhardtii.*® Further
electron acceptors of PetF are omitted for clarity. PSII: photosystem II, PQ: plastoquinone pool, Cyt byf:
cytochrome bgf, PC: plastocyanin, PSI: photosystem I, PetF: photosynthetic electron transport ferredoxin, FNR:
ferredoxin-NADP-oxidoreductase.

1.2.4 HydAl — the [FeFe]-hydrogenase from Chlamydomonas reinhardtii

Chlamydomonas reinhardtii (C. reinhardtii) is a single-cell green alga living in fresh water. It
is widely used as a model system in many different subfields in biology.”® Its hydrogenase

HydA1l is a =50 kDa protein consisting of a single unit. Like all [FeFe]-hydrogenases from

43,54

green algae, HydA1 does not contain F-clusters in addition to the H-cluster. It, therefore,

13
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represents the minimal core unit that is necessary for H, conversion and is most suitable for
spectroscopic investigations, because no signals from the F-clusters can interfere with H-
cluster signals. In this work, exclusively HydA1 has been studied.

So far, active HydAl has not been crystallized. However, a crystal structure of the
unmaturated inactive form containing only the [4Fe-4S]-cluster is available (Figure 4).”
Although the [2Fe]-subsite is not present in the crystal structure, its position can be estimated
by comparing the crystal structure to previously characterized, similar structures of other
[FeFe]-hydrogenases.”'*® Also, the amino acids that coordinate the [2Fe]-subsite are known.>’
The crystal structure indicates that the H-cluster synthesis occurs stepwise. First, the
[4Fe-4S]-cluster is assembled and then the [2Fe]-subsite is inserted through a positively
charged, 8-15 A wide and about 25 A deep channel. The [4Fe-4S]-cluster is located at the
base of the channel. Presumably, this channel collapses following incorporation of the
[2Fe]-subsite as a result of conformational changes in two loop regions.™

As a consequence of the absence of the F-clusters in HydAl, electrons for the catalytic
reaction are directly transferred from its redox partner, the ferredoxin PetF (see also previous

chapter 1.2.3). Therefore, an electron transfer complex between HydA1 and PetF is formed.

This complex has been studied (paper I1I).?

Figure 4. Crystal structure of the unmaturated form of HydA1. The [4Fe-4S]-cluster is shown as spheres (iron in
orange and sulfur in yellow), the two loop regions presumably involved in H-cluster maturation (see text) are
colored red. a-helices are shown in blue and B-sheets in light blue.”
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1.3 Artificial maturation of hydrogenases

1.3.1 [FeFe]-hydrogenase model complexes

d,30’32’58 chemists started to

Since the crystal structures of [FeFe]-hydrogenases were solve
synthesize model compounds that mimic the active site. The number of [FeFe]-hydrogenase
model compounds has grown enormously in the past 15 years. The review of Tard and Pickett
from 2009 gives an overview of different hydrogenase models.”® For a more recent review,
see Simmons et al., 2014.%°

In 1999, three groups individually reported the [FeFe]-hydrogenase [2Fe]-subsite model
[Fea((SCH,),CH,)(CO)4(CN),]*~ (Figure 5a) derived from the precursor diiron carbonyl
compound.®"® At this time, the nature of the bridgehead was not yet identified, since carbon,
nitrogen, and oxygen could not be distinguished crystallographically. Therefore, the mimics
[Fex((SCH2),NH)(CO)4(CN),]*~ and [Fe,((SCH,),0)(CO)4(CN),]* were also synthesized
(Figure 5b and 5¢).**® None of these complexes showed promising catalytic activity and they
are, therefore, considered as structural rather than functional models. In thiolate-bridged
binuclear [FeFe] models, apart from variations of the bridgehead, the carbonyl and cyanide
ligands can easily be substituted, e.g. by phosphines, isocyanides, nitrosyl ligands and
N-heterocyclic carbenes.”® All in all, there is a huge toolbox for modifying the [2Fe]-core.

In order to design a functional [FeFe]-hydrogenase active site mimic, several features of the
natural H-cluster have to be taken into account: 1) an open coordination site for substrate
binding, ii) a proton-shuttling system, iii) a contact site for the external redox partner.'® An
example of a model compound featuring all these elements was published by Camara ef al. in
2012 (Figure 5d).°° In this complex, the modified ferrocene acts as a redox-active unit,
therefore mimicking the [4Fe-4S]-cluster. The N-benzyl bridgehead group functions as a

proton relay and there is a potential substrate binding site. Indeed, hydrogen oxidation could

be observed for this complex.®
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Biomimetic [FeFe]-hydrogenase models help to understand the catalytic mechanism by
featuring certain structural and electronic aspects. However, their electrocatalytic performance
in hydrogen production and oxidation is generally rather poor.®” For the design of a functional
and robust hydrogen conversion catalyst for future technological applications, bioinspired
models may be more promising than mere biomimetic models, although the distinction
between the two is ambiguous. One example of a rather bioinspired model is a mononuclear
iron compound that mimics only the distal iron (designed by the Ott group, Figure 5¢).%® The
stable, penta-coordinated Fe(II) complex provides an open coordination site for substrate

binding and catalyzes the electrochemical reduction of protons at a mild overpotential.

Cl Cl
_I z \é/ NBn _\ 2

X Fe L
srs( I srsf, ée‘:\—co
oc, 7 co EtP, L2\ /
OC“"Fe Fe,‘CO OC/FeT\'"‘Fe\PPh Ph2P PPh2
Yo N NN
OC" B PhP
H
a X = CH2 :
b X=NH d e
c X=0

Figure 5. Biomimetic and bioinspired hydrogenase model compounds. Et: ethyl; Ph: phenyl; Bn: benzyl.

1.3.2 Artificial maturation assisted by HydF

As already mentioned, the integration of the H-cluster in the protein pocket occurs in a

69,70

stepwise manner in Vvivo. The [4Fe-4S]-cluster is formed in situ by the standard

172 \whereas the [2Fe]-subsite is assembled by three

[FeS]-cluster assembly machinery,
different maturase proteins called HydE, HydF and HydG (Figure 6).” In the last decade,
some details of the maturation process have been elucidated like the origin of the CO and CN

ligands, which are derived from tyrosine in a HydG-catalyzed reaction.”*”> While HydF has

been identified as a scaffold protein that transfers the [2Fe]-subsite to the unmaturated
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hydrogenase, i.e. hydrogenase only containing the [4Fe-4S]-cluster,’®”” recent results of the
Britt group suggest that HydG transfers an organometallic Fe(CO),(CN)-synthon that forms

the [2Fe]-subsite of the H-cluster (Figure 6)."

SAM, tyrosine -\ 2 e

\_/

maturated HydA1

bridging dithiolate
synthesis
HydE

SAM, unknown .
substrate HydF

unmaturated HydA1

Figure 6. Hypothetical maturation scheme for H-cluster biosynthesis.” SAM: S-adenosyl-L-methionine,
HydF"°: maturase protein HydF co-expressed with HydE and HydG.

In 2013, Berggren et al. demonstrated that the closest synthetic [FeFe]-hydrogenase
[2Fe]-subsite mimics [Fe,((SCH,),X)(CO)4(CN),]* (chapter 1.3.1, Figure 5a-c) bind to the
maturase HydF.” The width of the FTIR bands (see chapter 2.3.2) of the HydF-hybrids is
rather large and, therefore indicates conformational freedom of the complex similar to the
unbound complex. Importantly, it was shown that mimic-loaded HydF can subsequently
deliver the model compounds to unmaturated HydA1. Upon insertion, all three compounds
show narrow FTIR bands that are characteristic for the CO and CN vibrational modes in
active hydrogenase.80 Remarkably, the FTIR spectrum of the mimic
[Fex((SCH2),NH)(CO)4(CN),]* (Figure 5b) incorporated into unmaturated HydA1 has strong
correspondence to native HydA 1 and shows full hydrogenase activity.” This provided finally

the unequivocal evidence that the bridgehead group has to be an amine, settling a long-lasting

debate "%

1.3.3 Unassisted artificial maturation

Only a few months after the discovery of the artificial maturation of HydA1 assisted by HydF,

during the period in which this thesis was performed, it was demonstrated that the
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“middleman” HydF is not needed for the maturation.**

Upon incubation of
[Fex(adt)(CO)(CN),]* (adt = azadithiolate = [(SCH,),NH]*") with unmaturated HydA1, the
model compound is directly incorporated into the enzyme and gives fully active hydrogenase,
which is virtually indistinguishable from the native HydA1 as shown by EPR (chapter 2.4.3)
and FTIR analysis.*> Moreover, the unassisted artificial maturation cannot only be used for
the hydrogenase from Chlamydomonas reinhardtii, but also for [FeFe]-hydrogenases from the
bacteria Megasphaera elsdenii and Clostridium pasteurianum.®® Additionally, it was shown
that artificially maturated HydAl interacts with its natural electron delivery systems,
indicating also in vivo functionality. Comparing the synthetic mimics and HydA1’s active site
(Figure 7, left and right), it is apparent that the mimics contain one CO ligand more than the
active site. Indeed, the dissociation of one CO upon the incorporation reaction was
observed.*® Figure 7 summarizes the assisted and unassisted maturation. This smart and

exclusive procedure is an excellent example of the power of synthetic biology and it was used

throughout this work.
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Figure 7. Unassisted (top part) and HydF-assisted (bottom part) maturation of unmaturated HydAl with
synthetic mimics.
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14 Aim and outline of the research

The unassisted artificial maturation as described in the previous paragraph facilitates the
production of large sample quantities: unmaturated HydAl can be heterologously
overexpressed in Escherichia coli resulting in very good yields. It is then activated with the
synthetic mimic [Fe,(adt)(CO)4(CN),]*". These large amounts of active HydAl were not
available before and allow for studies wusing highly concentrated, voluminous
sample-requiring spectroscopic techniques like NMR (nuclear magnetic resonance, paper II
and II)> and °"Fe-Mossbauer spectroscopy (paper IV)'. Moreover, synthetic mimics
different from the native one can be tested for incorporation (paper I).'

The incorporation of various synthetic mimics as presented in paper 1 gives insight into the
functionally relevant parts of the [2Fe]-subsite and the importance of conformational
flexibility, which were revealed by activity measurements and determination of the degree of
maturation. In paper II and III, the interactions of the natural electron donor PetF with HydA 1
and the natural competitor of HydAl, the ferredoxin-NADP -oxidoreductase (FNR), is
investigated. Knowledge gained from this work could help to design H, producing organisms
with an increased H, production. Paper IV focusses on gaining insight into the electronic
structure of HydA .

Taken together, all these investigations aim for a better understanding of hydrogenases and
their functionality in order to develop an efficient H, conversion catalyst for future

technological applications.
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2 APPLIED METHODS

2.1 Heterologous protein overexpression and purification

Heterologous overexpression is a method widely used in protein biochemistry.*® A host
organism is thereby used to express a target protein. Often, the well-studied Gram-negative
bacterium Escherichia coli (E. coli) is used as a host."” The gene encoding for the target
protein is introduced in E. coli on circular deoxyribonucleic acid (DNA), so-called expression
vectors or plasmids. Beside the genomic information for the target protein, the plasmid
contains restriction enzyme sites (for cloning), genetic information for antibiotic resistance
(for selection), a gene regulation system and other specific sites that are depicted in so-called
vector maps. Figure 8 shows a simplified vector map of the plasmid pET21b that was used in

this work.

Xho |

Strep Tag

\ l //TE: ;ﬁ;%gitﬁndige —_— cloning/expression
— é”ﬁ\lhe | y 9 region

T7 promotor

T7 terminator |

Amp

lacl

ORI —

Figure 8. Simplified vector map of pET21b as used in this work: Amp (ampicillin), the antibiotics resistance
gene (orange); ORI (origin of replication), DNA sequence that allows the initiation of replication (red); lacl,
regulator gene of the lac-operon (blue); the cloning/expression region (green). The cloning/expression region
contains the T7 promotor and terminator, where the transcription is initiated and stopped, respectively, the
restriction enzyme sites Nhe I and Xho I and the gene encoding for the target protein HydA1 with the TEV
recognition site and the Strep Tag.

The uptake of the expression vector into the host cell is called transformation. It is often done
by a method called calcium chloride transformation, where the cells are treated with Ca*" on
ice, making them permeable to plasmid DNA, or by electroporation, using electric pulses that

lead to a formation of transient holes in the cell membrane. After the transformation, which

means that the host cells are now genetically altered, the cells are grown in a culture medium.
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The expression of the target protein starts once an inducer is added. The /ac-operon is often
used for gene regulation. Addition of the inducer isopropyl B-D-1-thiogalactopyranoside
(IPTG) and its binding to the lac repressor lead to the expression of the target protein.
Another gene regulation system, which was also used in this work, is the fef operon with
anhydrotetracycline as inducer. After protein expression, cell harvesting and breaking, the
target protein has to be separated from the host proteins. A widely applied method for protein
purification is the affinity chromatography: a specific gene sequence is added to the gene of
the target protein that encodes for an affinity tag (Figure 8). This tag is attached to the target
protein upon expression. The procedure of protein purification via an affinity tag is shown in
Figure 9 using the example of the Strep tag.*® The tag can be removed after purification by
specific proteolysis. Proteins purified by this method are often obtained at a high degree of
purity. If necessary, more purification steps can be applied like, e.g., size exclusion or ion

exchange chromatography.

target protein
d
C
C

i

host proteins

Strep-Tactin desthloblotln

e
s I 1 -3

HABA

resin

Figure 9. Protein purification using the Strep-Tag. a. A solution of protein mixture (mobile phase) is added to a
stationary phase (resin). The target protein (yellow) has a Strep-Tag that binds to Strep-Tactin (blue) of the
stationary phase. b. All other proteins (gray) are leached out from the stationary phase. ¢. The target protein can
be eluted by adding desthiobiotin (red) that binds to the Strep-Tactin. d. Desthiobiotin is removed when HABA
(2-(4-hydroxyphenyl-azo)benzoic acid, orange) is added. e. Changing the pH from 8.0 to 10.0 releases HABA.
f. The stationary phase is now ready for the next purification run. The figure is adapted from Schmidt et al.
2007.%
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In this study, E. coli was used to overexpress HydAl, the [FeFe]-hydrogenase from
C. reinhardtii. The two organisms have different codon usage, meaning that the occurrence of
tRNA (transfer ribonucleic acid) in the translation from the genetic code to the amino acids is
different. In order to optimize expression levels, the target gene must be codon-optimized for
overexpression in E. coli. This is crucial for high yields as were needed in this work.

Codon-optimized genes are commercially available and produced upon request.

2.2 H, conversion activity measurements

[FeFe]-hydrogenases are mainly active in H, production, but they also catalyze the reverse
reaction, the splitting of H,.>> The catalytic activities can be quantified.**™ For this purpose,
an artificial electron donor/acceptor is needed. Most often, methyl viologen is used. In order
to detect H, production, the hydrogenase is incubated with methyl viologen and sodium
dithionate as electron source. Under these conditions, the hydrogenase produces H,, which
can be detected by gas chromatography. H, oxidation is measured indirectly by optical
absorption of reduced methyl viologen. In an H, saturated buffer, the hydrogenase splits H»
into protons and electrons, if there is an electron acceptor available. The buffer also contains
oxidized, colorless methyl viologen that turns blue upon reduction. The formation of reduced

methyl viologen is observed in UV/Vis (ultraviolet-visible) spectroscopy.

[ H, production assay ’ [ H, oxidation assay ]

I—} gas chromatography

_ hydrogenase O H* 49 6
, v

methyl viologen (colorless) methyl viologen (blue)

UV/Vis spectroscopy

Figure 10. H, production and oxidation activity measurements with methyl viologen as electron donor and
acceptor, respectively.
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23 Infrared spectroscopy

2.3.1 Basic concepts

Infrared radiation lies in the electromagnetic spectrum between the visible and the microwave
region. It is used in infrared (IR) spectroscopy to study vibrations in molecules. The light is
absorbed at specific wavelengths, which are characteristic for specific vibrations of the
molecule. The absorption is measured as a function of the wavelength.”® Fourier transform
infrared spectroscopy (FTIR) is a technique that enables a very efficient recording of the IR
spectrum and was used in this work.

There are two basic types of vibrations, stretching (change of the bond length, Figure 11a) and

bending (change of the bond angle between two atoms, Figure 11b).

a b
AR AL AL
¢ o ¢ ®

stretching bending

Figure 11. a. Symmetric and antisymmetric stretching vibrations and b. bending vibrations.

The vibration must cause a change in the dipole moment of the molecule in order to be
infrared active and observable by IR spectroscopy. Infrared inactive vibrations can often be
observed in Raman spectroscopy, which has different selection rules (change in
polarizability).”" Molecular vibrations can be approximated derived from Hooke’s law, giving
a relation between the frequency of a bond vibration, the bond strength and masses of the
atoms.”” IR spectra are often reported in wavenumbers, which is the inverse of the

wavelength.

2.3.2 Infrared spectroscopy on proteins

In organic chemistry, IR spectroscopy is widely used to identify functional groups in a

molecule such as OH, NH, C=0, C=N and NO,.” An IR spectrum of a protein is composed
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of many overlapping bands due to the large size of the protein and its chemical structure
cannot be deduced from the spectrum. However, changes in the spectrum, for example caused
by protonation of side chains, can be detected. Furthermore, the absorption of the amide
backbone gives information about the secondary structure of a protein.” In the review of
Barth from 2007, the IR spectroscopic applications in protein biochemistry are summarized.”*
In the research field of hydrogenases, IR spectroscopy is particularly useful, because the
unusual CN and CO ligands of the active site have specific absorptions between 1800 and
2200 cm ' 3123418985 They therefore, do not overlap with any other absorptions of the protein
and they are not coupled to backbone vibrations. The CO peaks are very sensitive to any
change in the active site of the protein like the oxidation state of the binuclear iron core or the
[4Fe-4S]-cluster, protonation, any additional ligands or changes in the ligand sphere. This
leads to a specific pattern of the IR spectrum for the different states in the catalytic cycle of
hydrogen conversion. Isotope labeling of the CN and CO ligands causes shifts in the
absorption peaks and is a useful tool to study mechanistic details or the origin of the

78,95,96

ligands. Figure 12 shows the FTIR spectrum of C. reinhardtii HydAl in the oxidized

state, Hyy, after subtraction of the broad background signal from the solvent H,O.
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Figure 12. FTIR spectrum of HydA1 in the H,, state and assignment of the respective peaks. The peaks in the
blue area arise from CN vibration modes, in the green area from CO vibration modes and in the pink area from
vibrations of the bridging CO as indicated in the molecular structure on the right. The asterisk marks a minor
contribution of the H,,-CO state. The spectrum is adapted from Adamska-Venkatesh ez al., 2014.%
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In this work, FTIR spectroscopy was used to probe insertion of synthetic complexes into
HydA1l and to investigate their structural accommodation within the active site (paper I,
chapter 4.1). Quantum chemical calculations of FTIR frequencies gave insight into the

corresponding symmetrical and antisymmetrical stretching modes of the CO and CN  ligands.

24 Magnetic resonance spectroscopy

2.4.1 Basic concepts

Magnetic resonance spectroscopy is based on the Zeeman effect, i.e. the splitting of molecular
energy levels in an external magnetic field. This splitting originates from the interaction of the
magnetic moment of an atom with the external magnetic field. Nuclear magnetic resonance
(NMR) spectroscopy is sensitive to the magnetic moment caused by the nuclear spin, whereas
in electron paramagnetic resonance (EPR) spectroscopy, it is the spin transitions of the
electron that are observed. In an applied external magnetic field, a spin aligns either parallel

or anti-parallel to the magnetic field, giving rise to two distinct energies (Figure 13).
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Figure 13. Zeeman splitting for a spin I = 1/2 in an applied field with the two states M; = +1/2 and M; = —-1/2.

The energy splitting is linearly proportional to the magnetic field. By irradiation of the sample
with radio frequencies, transitions between the energy state occurs at a certain frequency. This

phenomenon is called resonance. The frequency at which the resonance condition is obtained
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depends on the chemical environment of the nuclei and the paramagnetic center, respectively.
As a result, information about the chemical environments can be derived. In NMR
spectroscopy, the resonance frequency of a nucleus relative to a standard is called chemical
shift 6 and is given in ppm.

NMR and EPR spectra are either recorded by continuous wave (CW) or pulse methods. In a
CW experiment, the external magnetic field is swept at a constant frequency or vice versa, the
frequency is swept at a constant magnetic field. The former method is used in EPR
spectroscopy, while CW methods in NMR are generally not used anymore because of a poor
signal-to-noise ratio. In pulse methods, one or more microwave pulses are applied to the
sample in order to perturb the magnetization vector. One can then measure the emitted
microwave signal. The measurements can be described by pulse sequences, which are divided
into building blocks. Starting with a spin system at thermal equilibrium, the first period is the
preparation, where the spin system is excited by a single or multiple pulses. This results in a
magnetization, which evolves during the evolution period. It is followed by a mixing period,
where magnetization is transferred from one spin to another by one or more pulses. The last
period is the defection, where the signal is recorded. Figure 14 shows the general pulse
sequence of a 2D NMR experiment. The variables t; in the evolution period and t, in the

detection period provide the two axes of the 2D NMR spectrum after Fourier transformation.

evolution detection

— {,—»
> \‘\W
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preparation mixing ||

Figure 14. Schematic depiction of a general pulse sequence for a 2D NMR experiment with the four periods
preparation, evolution, mixing and detection.
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2.4.2 Nuclear magnetic resonance spectroscopy

2.4.2.1 General

Nuclear magnetic resonance (NMR) spectroscopy is the preeminent analytical technique used
in organic chemistry. Biomolecular NMR explores the structure and dynamics of proteins,
nucleic acids, carbohydrates and protein-ligand complexes. Protein NMR 1is a rapidly
developing field and primarily only hampered by the limitation in protein size that can be
studied.”’

In organic chemistry, the most often used nuclei are lH, 13C, F and 31P, whereas in protein
NMR, they are 'H, "*C and N (all I = 1/2). The natural abundance of '>C and "N is too low
for measuring protein NMR spectra and, therefore, has to be enriched. This can be done by
growing the cells in minimal media containing ""NH4Cl and *C-glucose. Whereas the 'H
spectrum of a small organic molecule is usually very informative, the 'H spectrum of a
protein contains a large number of partly overlapping signals and normally, only general
statements about the secondary/tertiary structure can be made. Hence, higher dimensional (2D
or 3D) spectra are often recorded in order to obtain more detailed information.

The investigation of proteins with sizes like that of the [FeFe]-hydrogenase HydA1 (50 kDa)
by NMR is in general difficult, because the proteins are tumbling slowly in solution, leading
to a fast decay of the NMR signal and a poor signal resolution. Additionally, there is a large
number of overlapping signals in the spectrum. Another problem is caused by the active site
of the hydrogenase: the paramagnetic iron causes paramagnetic relaxation enhancement
(PRE) of residues nearby the active center, their nuclear spins relax fast and their NMR
signals become broad or undetectable.

Therefore, in this study, NMR spectroscopy was used to investigate the interactions of the
natural electron donor PetF (10 kDa) with the hydrogenase from Chlamydomonas reinhardtii,
HydAl (see chapter 4.2 and 4.3, paper II and III). PetF also contains paramagnetic iron in the

[2Fe-2S]-cluster that leads to invisible residues nearby the cluster. This problem was
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overcome as described in paper III (chapter 4.3) by substitution of paramagnetic iron with

diamagnetic gallium(III).

2.4.2.2 2D NMR

Common homonuclear 2D-'H experiments in protein NMR are the COSY (correlation
spectroscopy), TOCSY (total correlation spectroscopy) and NOESY (nuclear Overhauser and
exchange spectroscopy) experiment (Figure 15). A 'H-'H COSY spectrum shows
magnetization transfer for protons that are two to three bonds away from each other, whereas
in the '"H-'H TOCSY spectrum, all protons from one amino acid are correlated. In a 'H-'H
NOESY spectrum, correlations over space up to approximately 5 A are observed. Therefore,

it can give important information about the three dimensional structure of a protein.

.. 'H-'H COSY
»CH;
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Figure 15. Residues i and i+/ of a protein backbone and the magnetization transfer in different 2D-'"H NMR
experiments. In the COSY (green) and TOCSY (blue) experiment magnetization transfer is shown for the amide
proton of residue i and in the NOESY (red) experiment for the amide proton of residue i+1.

One of the most frequently used heteronuclear 2D protein NMR experiments is the
'H-"N HSQC (heteronuclear single quantum coherence) experiment of a '“N-labeled
protein.”® In this experiment, the resonance frequency of "N is correlated to the frequency of
nitrogen-bound protons. Thereby, the magnetization of the hydrogen nucleus is transferred to
the attached "’N nucleus. The chemical shift is evolved on the nitrogen and the magnetization

is then transferred back to the hydrogen for detection. In the protein backbone, each amino

acid (except for proline) has an amide group and each amide proton gives rise to one single
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peak in the "H-""N HSQC experiment. Additionally, nitrogen-connected protons in the side
chains of tryptophan, asparagine and glutamine give a signal. In a folded protein, the peaks
are usually well-dispersed and most of the individual peaks can be distinguished. A typical

'H-""N HSQC spectrum is shown in chapter 4.2, Figure 2.

2.4.2.3 3D NMR

However, for the assignment of the peaks in the "H-""N HSQC spectrum to the respective
amino acids in the protein, 3D experiments are needed. In addition to the general pulse
sequence shown in Figure 14, they have an additional evolution and mixing period.
Combining the pulse sequences for example from a 2D NOESY and a 2D HSQC gives a
3D NOESY-HSQC.

Triple resonance experiments can be recorded with '°N- and '*C-labeled proteins, correlating
three different nuclei.”® They are very useful because they give relatively simple spectra and
provide sequential connectivities between residues. Most of the 3D spectra consist of a
"H-""N plane (similar to an HSQC spectrum) expanded with a carbon dimension. Some
common triple resonance experiments are HNCA, HN(CO)CA, CBCANH, CBCA(CO)NH,
HNCO and HN(CA)CO. This nomenclature indicates key information about the experiment:
The nuclei (CB = c’, cA=C* CO= carbonyl carbon, NH/HN = atoms of amide group) are
listed in order of their magnetization in the experiment. Nuclei that are used for transfer of the
magnetization and of which the resonance frequency is not detected are set in brackets. Figure
16 shows the magnetization transfer in an HNCA experiment for residue i and residue i-/ of a
protein. Starting from the amide proton, the magnetization is transferred to the amide
nitrogen. In the following, a transfer to the C* nucleus occurs that then goes back the same
way to the amide proton. The magnetization from nitrogen is transferred to both C* of residue
i and residue i-/. In contrast, the HN(CO)CA gives only connectivities to residue i-/. In the

HNCO and the HN(CA)CO, the connectivities occur through the carbonyl carbon instead of
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C“ Analysis of different triple resonance experiments in combination makes an assignment of

the protein backbone possible.

) R
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Figure 16. The triple resonance experiment HNCA. The red circles depict the nuclei that are detected. The red
arrows indicate the way and direction of the magnetization. On the left is the description of the observed
correlations. The figure is adopted from Lottspeich and Zorbas.”

2.4.2.4 Applications

An assigned 'H-">N HSQC spectrum can be used to identify amino acids that play a role in
complex formation of two molecules. In a titration experiment, an unlabeled molecule is
added stepwise to a '*N-labeled protein of which "H-""N HSQC spectra are recorded. Upon
complex formation, changes of the peak positions in the 'H-'""N HSQC spectrum for some
amide protons can be observed. The shifted signals belong to amino acids that interact with
the added molecule, thereby changing their chemical environment. Weighted averages of the

'"H and "N backbone chemical shift changes Aoyn of a particular residue can be calculated

ASyy = ’w 3)

where Ady is the 'H and Ady the 5N chemical shift change. This method was used in chapter

according to the equation

4.2 and 4.3 to investigate the HydA 1-PetF complex interface.
Apart from crystallography, NMR is the only method that can solve the structure of a protein
and it is, therefore, very powerful. In order to calculate an NMR solution structure, after the

identification and assignment of all signals, information about the protein structure need to be
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obtained. Thereby, the NOESY experiments are most important, because they provide
connectivities through space. The peak intensities of the NOE signals give information about
the distances. A COSY spectrum can provide insight in the ¢ angle of the protein backbone.
All information about distances and torsion angels are used as input for structure calculation
software, where they are converted into energy terms and minimization of the total energy is
tried to be achieved. This method was applied to the ferredoxin PetF and an NMR solution

structure is presented in paper 111, chapter 4.3.

2.4.3 Electron paramagnetic resonance spectroscopy

Electron paramagnetic resonance (EPR) spectroscopy is a technique that is used to study
molecules with one or more unpaired electrons. These paramagnetic molecules can be organic
radicals or systems that contain transition metals such as manganese, iron, nickel, cobalt or
copper. EPR spectra can give insight into electronic structure and the geometrical
environment of the paramagnetic center as well as the conformation and dynamics of
macromolecules.”” As in NMR, irradiation with a frequency, which matches the difference
between the energy levels AE; causes resonance. The resonance condition is expressed as

AE =hv =g B B, (4)
where h is Planck’s constant (6.6 - 10>* J*s), v is the frequency, P is the Bohr magneton and
By is the applied magnetic field. The g-factor is dimensionless and describes the
proportionality of the resonance energy with respect to the external magnetic field.'® It is
associated with the electronic characteristics of the investigated substance and provides
information about the chemical environment and local symmetry of the unpaired electron
distribution. The g-value for a free electron is 2.0023.
Protein samples are usually studied in frozen solution, which means that the molecules are
immobilized, but randomly oriented. Therefore, the EPR spectrum shows a superposition of

sub-spectra of all molecular orientations, each with its own effective g-factor. If the g-values
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are dependent on the orientation of the molecule in the external magnetic field, they are
described by the effective g-value. In general, a so-called EPR “powder” spectrum is
obtained, where the three g-values g;, g, and g; can be recognized as “singularities” in the
lineshape. The EPR spectrum can be axial (two g-values are identical), rhombic (all three
g-values are different) or, if there is no g anisotropy, isotropic. Figure 17a shows a rhombic

spectrum with the three g-values g;, g, and g3.
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S=1/2 9, #9,#0, b S=12 1=12 g,#9,79, A, #A,zA,
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magnetic field — magnetic field —

Figure 17. Simulated CW EPR spectra. a. Rhombic EPR spectrum (g; # g, # g;) without hyperfine splitting. b.
Rhombic EPR spectrum (g, # g, # gz) with hyperfine splitting (I = 1/2). In this case, also the A tensor is rhombic
and gives different A, A, and As;.

Additionally to the g-values, also magnetic interactions with an nuclear spin I, leading to a
hyperfine splitting of the signals (Figure 17b), can be observed. However, if the hyperfine
splitting is small compared to the linewidth, it will not be resolved in a standard EPR
experiment. In order to determine small unresolved hyperfine splittings, more advanced EPR
techniques like ENDOR (electron nuclear double resonance) and HYSCORE (hyperfine
sublevel correlation) have to be applied. These techniques are used in chapter 2.4 (paper 1V)
to investigate *'Fe hyperfine couplings (nuclear spin I=1/2) of *’Fe-labeled HydA1l. Weak
hyperfine couplings are usually observed in HYSCORE, whereas stronger hyperfine
couplings are better detected in ENDOR spectra. In both methods, the spectra are recorded at

a certain field positions that correspond to a set of molecular orientations with respect to the

external magnetic field. In ENDOR, the radio frequency is scanned, whereas HYSCORE is a
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2D pulse EPR method with variable t; and t, times as explained for 2D NMR experiments
(Figure 14). The hyperfine splitting can provide information about the spin density
distribution over a molecule.

In the research field of hydrogenases, EPR has been a powerful tool, because many states of
the catalytic cycle are paramagnetic. In HydA1, these include Hox, Hyreq and HOX-CO.7’18 Also
the unmaturated hydrogenase with only the [4Fe-4S]-cluster is EPR active in its reduced
form. HYSCORE and ENDOR measurements give information about the delocalization of the
unpaired electron and the coupling between the [4Fe-4S]-cluster and the [2Fe]-subsite. CW
EPR spectra of the Hox-CO state and the unmaturated, reduced form of HydA1l are shown in

Figure 18.
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Figure 18. CW EPR spectra. a. The almost axial EPR spectrum of the H,,-CO state with the g-values indicated.
b. EPR spectrum of unmaturated HydA1 containing only the reduced [4Fe-4S]-cluster. The g-values of this
rhombic spectrum are characteristic for reduced [4Fe-4S]-clusters.

2.5 Mossbauer spectroscopy

2.5.1 Basic concepts

Maossbauer spectroscopy is a spectroscopic technique based on the Mossbauer effect: the
recoilless resonance absorption and emission of y-radiation. It was discovered 1957 by the
German scientist Rudolf Mossbauer during his doctoral thesis.”” y-radiation is an

electromagnetic radiation (photons) with extremely high energy, produced by the decay of
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radioactive nuclides upon transition from a meta-stable higher to a lower energy state. The
phenomenon is commonly known as y-decay. The emission (or absorption) of a photon by a
free nucleus in the gas phase or as liquid generally results in recoil of the nucleus, leading to
an energy loss of the emitted photon:101
E, =Ey— Eg (5)
E, is the energy of the emitted photon, Ey the mean nuclear energy (difference between higher

and lower energy state) and Eg is the recoil energy. The recoil is caused by the transfer of

momentum from the photon upon emission or absorption. The recoil energy can be written as:

E2
Ep = —
R 2Mc?

(6)
where M is the mass of the nucleus and c the speed of light. The recoil effect causes energy
separation between the detectable emission and the absorption lines, which is six orders of
magnitude larger than the natural width of the y-lines. Thus, in gases and liquids, they do not
overlap and y-resonance is not possible. Though, as found by Mdssbauer, if the nucleus is
embedded in a lattice (a crystal), there is a certain finite probability that the lattice as a whole
takes the recoil momentum. In this case, M in equation 6 is the mass of the whole lattice and
Er becomes negligibly small.

The recoil can also excite or annihilate a lattice vibration (so-called phonon). In both cases,
nuclear y-resonance becomes impossible. However, because the energy of these phonons is
quantized, there is a certain finite probability of a zero-phonon process. This probability factor
is known as the Modssbauer-Lamb factor f and denotes the fraction of y-emission
or -absorption occurring without recoil, meaning that y-resonance becomes possible.'*

The chemical environment of the Mdssbauer nuclei in the y-absorber (the investigated
sample) is distinct from that of the nuclei in the emitter (the source). Therefore, the energy
differences of the nuclear ground and excited states are different in the source and the

absorber, i.e. absorption energies are different from the energy of the emitted y-rays. As a
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consequence, the energy has to be modulated for resonance absorption. This is realized using
the Doppler effect by moving the source toward (+v) and away (—v) from the sample, which
causes a Doppler shift of the emitted y-photons proportional to the velocity v. If the emission
and absorption line overlap, resonance occurs, which is seen as a reduction in the rate of
transmission of y-rays through the absorber. Due to the Doppler modulation, the energy scale

of the Mdssbauer spectra is given in mm/s.

2.5.2 *"Fe Mossbauer spectroscopy

Massbauer spectroscopy is by far most extensively used with the isotope *'Fe, although there
are other isotopes that can be studied by Mossbauer spectroscopy (e.g. *'Ni, “’Zn, '*'%[r) 1!
In *’Fe M&ssbauer spectroscopy, ' Co is the source of y-radiation. It decays to an excited state
of >’Fe by electron capture with a half-life of about 270 days. Initially, the 136.5 keV nuclear
level of *"Fe (I = 5/2) is populated. This excited state decays to the 14.4 keV excited state,

which decays further to the >’Fe ground state by emitting a y-quant of 14.4 keV (Figure 19).'”

“Co *Fe
electron capture
E A
| =5/2 136.5 keV
2 % % o
Y o %
|=3/2 Y 14.4keV
y ¢_’V\/\"’ Méssbauer
| =1/2 =— y—rays

Figure 19. Decay scheme of *’Co to *’Fe and the *’Fe nuclear transitions.

2.5.3 The Mossbauer spectrum

The transmitted y-rays are detected with a y-counter (y-axis). They are recorded as function of
the Doppler velocity (x-axis), giving rise to the Mossbauer spectrum. A simple Mossbauer
spectrum in the absence of magnetic fields, a so-called quadrupole spectrum, is shown in

Figure 20a.
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Figure 20. a. Simple Mdssbauer spectrum with the isomer shift 6 and quadrupole splitting AE, shown. b. Origin
of the isomer shift & and quadrupole splitting AE, depicted in the energy level diagram of the absorber.

It is characterized by two parameters, the isomer shift & and the quadrupole splitting AEq,.
Both parameters are given in mm/s. The isomer shift is determined by the average position of
the doublet. The quadrupole splitting is given by the separation of the two lines of the doublet.
The isomer shift arises from Coulomb interactions between the nucleus and its environment,
which is mainly given by s-electrons. It is a product of the charge distribution of the nucleus
and the electronic charge density at the nucleus. The electronic densities differ for the source
and the absorber because of different chemical composition, which leads to a difference in
transition energies from the ground to the excited state (Figure 20b). Therefore, resonance
does not appear at Doppler velocity 0, but is shifted by the isomer shift 5. The isomer shift
provides information about the oxidation state of the nucleus, the spin state, the number of
ligands and their o-donor and m-acceptor strengths. It is most insightful to interpret the
determined parameters in comparison to a similar compound. Some general trends have been
obtained from a systematic study of a variety of iron compounds: i) a lower oxidation state
leads to a more positive value of the isomer shift, ii) high-spin compounds have a larger

isomer shift than low-spin compounds, iii) ionic/hard ligands cause higher isomer shifts than

covalent/soft ligands, iv) o-donating ligands and d,-p,-backdonation of a metal to a ligand

results in more negative isomer shifts (s-electron density is increased).'”!
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The quadrupole splitting arises from the splitting of the I = 3/2 excited nuclear state (Figure
20b). This state has a non-spherical charge distribution (as compared to the I = 1/2 state),
producing a quadrupole moment that interacts with an inhomogeneous electric field. This
field is generated by a non-cubic charge distribution of the surrounding electrons. The
quadrupole moment provides information about the symmetry of the ligand charges around
the nucleus and the population of the iron 3d orbital, which is connected to bond properties.'"'
In addition to the isomer shift and the quadrupole splitting of the Mdssbauer spectrum shown
in Figure 20a, there can be magnetic hyperfine splitting as a result of interactions between the
nucleus and a magnetic field. Such spectra are recorded with an external applied field and

paramagnetic properties of a sample can be probed.

In this work, the novel synthesis of >’Fe-labeled [Fex(adt)(CO)4(CN),J* (Figure 5b) was used
to specifically label the binuclear [2Fe]-subsite of the H-cluster and Mdssbauer spectra were
recorded. Complementary, the [4Fe-4S]-cluster was >'Fe-labeled by chemical reconstitution

with *’FeCl; and investigated by Mdssbauer spectroscopy. The results are presented in paper

IV, chapter 4.4.
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3 SUMMARY OF JOURNAL ARTICLES
3.1 Paperl

Hybrid [FeFe]-hydrogenases with modified active sites show remarkable
residual enzymatic activity

The unassisted artificial maturation® as described earlier in chapter 1.3.3 opens new ways to
study [FeFe]-hydrogenases. One of them is the insertion of non-native cofactors into the
unmaturated form of the hydrogenase. In this study, this procedure has been exploited to test
15 different synthetic iron complexes for their integration into unmaturated HydAl.

By monitoring the behavior of the CO vibration modes (chapter 2.3.2), FTIR spectroscopy
was employed to verify if the complex incorporation was successful. Moreover, all complexes
inserted into HydA1 were tested for H, production and oxidation activity (chapter 2.2). In
2013, Berggren et al. demonstrated that variants with a modified bridging dithiolate
(propanedithiolate 2a, oxodithiolate 4, see Figure 21) integrate into HydA1.” In this work,
variants with a thiodithiolate 5, an N-methyldithiolate 3a and a dimethlydithiolate 6 bridge
were incorporated into HydAl. Furthermore, mono-cyanide variants with five CO and one
CN ligand (instead of four CO and two CN ligands) of the azadithiolate 1b,
propanedithiolate 2b and N-methyldithiolate 3b analog were shown to bind to unmaturated
HydA1. Synthetic models containing no CN and only CO ligands could not be incorporated.
None of the newly synthesized hybrid [FeFe]-hydrogenases showed improved catalytic
activity. However, the mono-cyanide variant with an azadithiolate bridge 1b showed =50% of
the native enzyme activity. It can, therefore, be inferred that the CN ligands serve rather for
anchoring the [2Fe]-subsite in the protein pocket than being essential for the catalytic activity.
The propanedithiolate 2a and N-methyldithiolate 3a bridgehead analog as well as their
mono-cyanide variants 2b and 3b showed residual H, conversion activity. In all cases,

H, production and oxidation activities are affected in the same way, giving good evidence that
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the catalytic enzyme reaction in both directions relies on the same physical properties of the
[2Fe]-subsite.

In summary, one can conclude that the Bronsted base function of the bridgehead and its
conformational flexibility are essential for the catalytic activity. The findings also indicate
that even small changes in the active site lead to a severe decrease of enzymatic activity. It
can, therefore, be assumed that the approach of the incorporation of non-native cofactors into
unmaturated HydA1l in order to increase the enzyme activity is only promising when also
changing specifically the amino acid surrounding. Nevertheless, interesting insight into

functional features of the active site can be gained from studying hybrid [FeFe]-hydrogenases.
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production activity
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Figure 21. Artificial maturation of [Fex(adt)(CO)4(CN),]* with unmaturated HydAl. Active hybrid HydAl is
formed having an H, production activity identical to that of the native enzyme. It was, therefore, set to 100%
activity. Below shown are all variants that could be incorporated into HydA1. The H, production activities of
HydA1 maturated with these variants are indicated.
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3.2 Paperll

Enhancing hydrogen production of microalgae by redirecting electrons
from photosystem I to hydrogenase

The results presented in this paper follow a different approach than described in paper I of
increasing the catalytic activity of HydA1. It focusses on investigations to improve in vivo H;
production of green algae. Since green algae like Chlamydomonas reinhardtii are so far the
only known organisms that produce H, photosynthetically,'’ they are interesting targets for

technological applications.'®*

HydAT1 receives its electrons for the reduction of protons from
the ferredoxin PetF (chapter 1.2.3), which is the electron acceptor of photosystem I. PetF,
however, provides electrons to different metabolic pathways.** Most electrons are delivered to
the ferredoxin-NADP'-oxidoreductase (FNR), which mediates electrons for CO, fixation.
Down-regulation of this competing process leads to an increased electron delivery to HydA1
and, therefore, higher H, production rates.'®’

In this study, PetF residues are identified that play a role in PetF/FNR and PetF/HydAl
interaction. This was done by parallel NMR titration experiments of '“N-labeled PetF
supplemented with increasing amounts of FNR or HydA1l and analysis of chemical shift
perturbations (chapter 2.4.2.4). Although it was found that most identified PetF residues are
involved in complex formation with both proteins, the two aspartate residues D19 and D58
could be identified to be only involved in FNR binding. The identification of these two
residues suggests that specific negatively charged amino acids in the binding interface of PetF
play a role in the differentiation of the binding partners.

Moreover, D19 and D58 were tested for their potential as targets for improved H, production
of HydA1l. They were, therefore, mutated to alanine (D19A, D58A and the double variant
DI19A/D58A) and tested in a light-driven H, production assays. In the absence of FNR,

HydA1l H, production rates with all these three PetF mutants as electron donor are not

affected, confirming the NMR results that these residues are not important for PetF-HydA1
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binding. In a competition assay in the presence of FNR, the H;, production activity of HydAl
is diminished to 7% compared to the H, production activity in the absence of FNR (set to
100%) using wild-type PetF (Figure 22). However, with the variants PetF-DI19A and
PetF-D58A, the activity is increased 1.5 and 2.5-fold (10% and 19%, respectively). H;
production of HydA1 with the double variant PetF-D19A/D58A shows a 4-fold increased H,
production rate (28%), indicating a synergistic enhancement of single effects. Furthermore,
combination of the PetF double mutant with mutations of FNR, which were shown before to
negatively affect PetF-FNR interactions (K83L, K89L),'” show an increased HydA1 H,
production rate of up to 37% (Figure 22).

The variant PetF-D19A/D58A could be used for implementation in H, production optimized
C. reinhardtii strains in order to further increase catalytic activity. This combined metabolic
engineering approach can be a step towards the design of H,-producing organisms for

technological applications.
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Figure 22. Light-dependent H, production activities of HydA1 with wild-type (wt) PetF and wt-FNR as well as
with mutants of PetF and FNR as indicated. The activity of HydA1 with wt-PetF in the absence of FNR is set to
100%.
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3.3  Paper II1

Structural insight into the complex of ferredoxin and [FeFe] hydrogenase
from Chlamydomonas reinhardtii

Paper II1 is a follow-up study of paper II. In this work, the complex of the ferredoxin PetF and
HydA1l is examined in more detail. Since there is no crystal structure available of
C. reinhardtii PetF, a PetF NMR solution structure, based on several 3D and 2D NMR
experiments, was determined. PetF and HydA1 form a transient electron-transfer complex, for
which also no X-ray crystal structure is available. Therefore, a protein-protein docking
structure based on the PetF NMR solution structure and the structure of unmaturated
HydA1'"” was calculated. This docking model is the basis for the identification of residue
substitution targets in order to improve the in vivo H; production of HydAl.

The binding interface of PetF with HydAl presented in paper II lacks information about
amino acid residues nearby the [2Fe-2S]-cluster of PetF. This is due to paramagnetic
relaxation enhancement as described in chapter 2.4.2.1. However, the residues nearby the
[2Fe-2S]-cluster are important since some of them reside directly at the interface. The
paramagnetic relaxation enhancement was overcome by gallium-substitution of the irons in
PetF’s [2Fe-2S]-cluster. All residues that were not visible before became detectable and most
of them are affected upon HydAl-binding. These new data together with site-directed

mutagenesis data’""'*®

were used as input for the docking of PetF to HydAl. The thereby
obtained PetF-HydA1 model structure (Figure 23) revealed that PetF-E90 and HydA1-R187
are the residues with the largest number of H-bonds and salt bridges to HydA1 and PetF,
respectively. The importance of these residues for the HydA1-PetF complex formation was
already demonstrated.”"'” Among other charged residues that were identified before, the

complex model revealed several amino acids with hydrophobic or polar side-chains that are

important for complex formation.
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In total, there are three residues that are proposed as possible targets for site-directed
mutagenesis to enhance in vivo H, production: i) PetF-E91A, neighbor of the important E90
residue. This residue is not essential for PetF-HydA1 complex formation as indicated by
chemical shift perturbation data. i) HydA1-R187A. Based on published results for
HydA1-R187D, a destabilization of the PetF-HydA1 complex is assumed, but no complete
loss of H, production. iii) HydA1-T186A, HydA1-R187’s neighbor. In analogy to the
residues T12 and R13 of cytochrome ¢, one would expect an increased binding affinity of

PetF to HydA1."'° A combination of these mutations might result in increased PetF-dependent

H, production of HydAl.
. |( T186
x W R187
< E90
E91 \

Figure 23. Model of the PetF-HydA1 complex and zoom into the relevant interface region. HydA1 is shown in
blue, PetF in gray. The FeS-clusters are displayed as spheres with Fe colored orange and S colored yellow. The
HydA1 amino acids T186 and R187 and the PetF residues E90 and E91 (see text) are depicted as sticks.
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3.4 PaperlV

Spectroscopic investigations of [FeFe] hydrogenase maturated with
[V'Fe(adt)(CN)(CO)4|*

Paper IV presents the novel synthesis of [>'Fe,(adt)(CN),(CO)4]*~ by the Rauchfuss group and
spectroscopic investigations of HydAl maturated with [>'Fey(adt)(CN),(CO)]* in the
CO-inhibited state Ho-CO. Via the artificial maturation procedure, HydA1 becomes not only
available with modified active sites as described in paper I, but also with isotope labeled
versions. This is an extremely helpful tool for detailed spectroscopic investigations” and can
shed light on the still not fully understood catalytic mechanism of HydAl.

Finding a route for the synthesis of [*'Fe,(adt)(CN),(CO)4]* is challenging because relevant
precursors like Fe(CO)s are not available as >'Fe(CO)s. Therefore, °’Fe(CO)s was avoided as
intermediate and [H>'Fe(CO),]” was used instead. Selective labeling with >'Fe introduces a
nucleus that is highly responsive to Mdssbauer (see chapter 2.5.2) and nuclear resonance
vibrational spectroscopy (NRVS). With a nuclear spin I = 1/2, “’Fe is also ideal for
investigation by EPR techniques like ENDOR and HYSCORE (chapter 2.4.3).> So far, there
are only very few Mossbauer studies on [FeFe]-hydrogenases due to the difficulty of
>’Fe-labeling and the required high amounts of sample. Additionally, Mossbauer analysis has
been complicated due to overlapping signals of the [2Fe]-subsite, the [4Fe-4S]-cluster and the
accessory [FeS]-clusters.3 6,111,112

The presented procedure of selective °'Fe labeling of the [2Fe]-subsite solves this problem
and provides a clean spectrum of the [2°'Fe]-subsite, clearly showing two non-equivalent iron
sites of low-spin iron in a low oxidation state. Furthermore, complementary >’Fe enrichment
of the [4Fe-4S]-cluster was realized by reconstitution of the [4Fe-4S]-cluster with >"FeCls.
The selective labeling of the two H-cluster components also greatly simplified the assignment
of observed pulse EPR signals. Overall, they confirm previous results from studies of the

Desulfovibrio desulfuricans [FeFe]-hydrogenase, indicating a strong spin exchange coupling
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between the two sub-clusters in the Hy-CO state. NRVS spectra further confirm successful
selective *’Fe-labeling of the [2Fe]-subsite. The only previous NRVS spectra of an
[FeFe]-hydrogenase suffer from unspecific labeling of [FeS]-clusters. There, the *’Fe-labeling
of the hydrogenase was obtained differently through an in vitro maturation by the >'Fe-labeled
maturases HydE, HydF and HydG.?” The NRVS spectra presented in this works do not show
any unspecific labeling.

In summary, the work describes a versatile route to ° Fe-labeled iron carbonyls and the
application of [>"Fe,(adt)(CN),(CO)s]*” by maturating HydA 1. In this study, the *’Fe-labeled
non-catalytically active Ho-CO state is presented to demonstrate the successful selective
labeling of the [2Fe]-subsite precursor. Investigation of the other labeled states generated by

this method may contribute to a better insight into the catalytic mechanism of HydAl.

N RVS [FeS]-cluster

1)57Fe HBr torsion
2) KC,H,

3) CO, MeOH
4) S,

5) NH,CI, OCH,

6) [Et,NICN HYSCORE

Fe-S Fe-CN Fe-CO
-—

N
wavenumber (cm™) \%{ (/b
l 3 > %
5l SN =)
) % S\e \gi\ ‘i}\rr w}‘/‘\
NH 2 _ - N U6
|/f unmaturated N NH = . G #
S,8 HydA1,-CO | 5 rr / frequency 1 (MHz)
oc., s~ _co——» Iy
e Fe—— Fe_w )
oc', —~CO +CO
NC CN

ENDOR amplitude (a.u.)

frequency (MHz)

Md&ssbauer ENDOR

relative transmission

velocity (mm/s)

Figure 24. Simplified synthesis scheme of [*’Fe,(adt)(CN),(C0O)4]*" and the different spectroscopic techniques
that can be applied after the insertion of [*'Fe,(adt)(CN),(C0),]* into HydAl.
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ABSTRACT: [FeFe]-hydrogenases are to date the only enzymes for
which it has been demonstrated that the native inorganic binuclear
cofactor of the active site Fe,(adt)(CO);(CN), (adt = azadithiolate
= [S-CH,-NH-CH,-S]*") can be synthesized on the laboratory
bench and subsequently inserted into the unmaturated enzyme to
yield fully functional holo-enzyme (Berggren, G. et al. (2013) Nature
499, 66—70; Esselborn, J. et al. (2013) Nat. Chem. Biol. 9, 607—610).
In the current study, we exploit this procedure to introduce non-
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native cofactors into the enzyme. Mimics of the binuclear subcluster

with a modified bridging dithiolate ligand (thiodithiolate, N-methylazadithiolate, dimethyl-azadithiolate) and three variants
containing only one CN™ ligand were inserted into the active site of the enzyme. We investigated the activity of these variants for
hydrogen oxidation as well as proton reduction and their structural accommodation within the active site was analyzed using
Fourier transform infrared spectroscopy. Interestingly, the monocyanide variant with the azadithiolate bridge showed ~50% of
the native enzyme activity. This would suggest that the CN~ ligands are not essential for catalytic activity, but rather serve to
anchor the binuclear subsite inside the protein pocket through hydrogen bonding. The inserted artificial cofactors with a
propanedithiolate and an N-methylazadithiolate bridge as well as their monocyanide variants also showed residual activity.
However, these activities were less than 1% of the native enzyme. Our findings indicate that even small changes in the dithiolate
bridge of the binuclear subsite lead to a rather strong decrease of the catalytic activity. We conclude that both the Bronsted base
function and the conformational flexibility of the native azadithiolate amine moiety are essential for the high catalytic activity of

the native enzyme.

Bl INTRODUCTION

Hydrogenases are enzymes that catalyze the reversible
reaction of molecular hydrogen to electrons and protons:
H, = 2 H* + 2 e”."* Generally, the activation of hydrogen is
difficult due to its strong, nonpolar H—H bond.> However, in
hydrogenases, the reaction takes place at ambient temperature
and pressure.*"® The two main classes of these enzymes are the
[FeFe]-hydrogenases and [NiFe]-hydrogenases, named accord-
ing to the metal ions present in their active sites.”'® In general,
[FeFe]-hydrogenases are more active in H, production.'!
Understanding the function of these enzymes will form the
basis for a rational design of efficient artificial systems for
production of H, as a renewable energy carrier for the
future,>~*®

In [FeFe]-hydrogenases, the catalytic reaction takes place at
the so-called H-cluster, a [4Fe-4S]-cluster connected via the
thiolate of a cysteine residue to a binuclear [2Fe]-subsite'”
(Figure lab). [FeFe]-hydrogenases from anaerobic bacteria
bind several [FeS]-clusters in addition to the H-cluster,”®
whereas in the [FeFe]-hydrogenases of green algae like HydA1
from Chlamydomonas reinhardtii, these accessory [FeS]-cluster
are absent.>”° In vivo, the [2Fe]-subsite is synthesized and
inserted by the hydrogenase maturation proteins HydE, HydF,
and HydG.*"**> HydG has been recently shown to play a key

i | n © 2015 American Chemical Society
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role in the maturation process since it produces an {Fe-
(CO),(CN)} “synthon” that can be regarded as the first
precursor to the binuclear subsite.”>** The two Fe atoms of the
[2Fe]-subsite are referred to as proximal (Fep) and distal (Fey)
iron relative to the [4Fe-4S]-cluster and are connected via an
azadithiolate bridge.® Each Fe is coordinated by a CO and CN~
ligand as well as an additional CO* which can be brid§ing or
terminal depending on the redox state of the H-cluster.” Fe, is
six-coordinated, whereas Fe, is five-coordinated leaving an open
coordination site where H, production and oxidation are
proposed to occur.”’ > The unusual, small inorganic ligands
CO and CN~ are strong field ligands that keep the Fe center in
the low-spin state.>®

Since the crystal structures of [FeFe]- and [NiFe]-hydro-
genase were solved,” >*>*** chemists started to synthesize
model compounds that mimic their active sites."’>'®'® In
1999, three groups separately reported the first [FeFe]-
hydrogenase active site model [Fe,(pdt)(CO),(CN),]*” 2a
(pdt = propanedithiolate, Figure 1c).**™*® At that time, the
nature of the bridgehead atom was not uniquely identified since
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Figure 1. (a) Active site (H-cluster) of C. reinhardtii [FeFe]-

hydrogenase HydAl in its protein surrounding. The protein backbone
is shown as well as the amino acid residues near the H-cluster. An
alignment of the crystal structures of C. reinhardtii HydAl (3LX4*")
and Clostridium pasteurianum (3C8Y>) was used for the image,
generated using the program PYMOL.> (b) Schematic structure of
the H-cluster with the open coordination site shown as an ellipsoid.
(c) Series of all [2Fe]-model compounds that were synthesized and
used in the artificial maturation attempts of C. reinhardtii HydAl.

C, N, and O could not be distinguished at the available
crystallographic resolution. Therefore, additional mimics
[Fe,(adt)(CO),(CN),]*~ 1a (adt azadithiolate) and
[Fe,(0dt)(CO),(CN),]* 4 (odt oxadithiolate) were
synthesized®”* (see Figure 1c). As free complexes in solution
1a, 2a, and 4 have a low a.ctivit:y1 and can therefore be classified
as structural rather than functional active site models. A few
years later, based on arguments related to the possible catalytic
mechanism and a reanalysis of the crystal structure, Nicolet et
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al. proposed the nature of the bridgehead atom to be

nitrogen.'” This assignment was later experimentally supported

by the magnetlc resonance studies of Silakov et al.*' and Erdem
et al.*

Very recently, Berggren et al. demonstrated that 1a, 2a, and 4
can be bound to the native maturase HydF, which subsequently
delivers the model compound to the unmaturated form of
HydAl that only contains the [4Fe-4S]-cluster but not the
[2Fe]-subsite.”® Since only the hybrid enzyme containing
mimic la showed full hydrogenase activity, this experiment
provided unequivocal evidence for an amine function in the
dithiolate bridging ligand.* Shortly thereafter, Esselborn et al.
showed that 1a can be inserted also directly into unmaturated
HydA1** (i.e, unassisted by HydF). The hybrid HydAl-1a is
fully actlve and indistinguishable from the native hydro-
genase,”*** The electron paramagnetic resonance (EPR) and
Fourier transform infrared (FTIR) spectra of HydAl-la
showed the same redox states as the native Chlamydomonas
reinhardtii hydrogenase HydA1.*™* Subsequent FTIR spec-
troelectrochemical experiments revealed reduction potentials
identical to those of the native enzyme.*® The FTIR spectra of
HydAl-bound 2a and 4 exhibited vibrational modes from CO,
bridging CO, and CN~ ligands similar to those of the native H-
cluster, but no H, production activity was reported.**

In the current study, we investigate a series of model
compounds that can be introduced into unmaturated HydAl
(Figure 1c). The central bridgehead atom was replaced by
sulfur or the bulkier NCH; group (S and 3a, respectively).
Furthermore, the free volume of the protein pocket was probed
by introducing methyl groups on the adt methylene moieties
(6). Finally, three variants with only one CN~ ligand were
synthesized in order to explore the function of the CN™ ligands
(1b, 2b, and 3b). The successful insertion of these variants was
monitored by FTIR spectroscopy and the new hybrid proteins
were tested for their residual H, production and oxidation
activity using gas chromatography and UV spectroscopy,
respectively. None of these variants showed improved hydro-
genase activity. Nevertheless, very interesting insight into the
conformational and functional features of the active site could
be gained by studying the properties of these hybrid
hydrogenases.

B MATERIALS AND METHODS

Preparation of Unmaturated HydA1. The structural
gene of C. reinhardtii HydAl was heterologously overexpressed
in E. coli BL21(DE3)AiscR*® according to a procedure
previously described by Kuchenreuther et al.*’ but without
expression of the maturases HydE, HydF, HydX, and HydG.
For overexpression, a pET21b expression plasmid containing an
E. coli codon optimized C. reinhardtii HydAl gene with an N-
terminal Strep-tag followed by a TEV (tobacco etch virus)
cleavage site (WSHPQFEKSSGRENLYFQIG) was used. After
purification on a Strep-Tactin Superflow high capacity resin
(IBA GmbH), TEV protease was added to unmaturated HydA1
at a ratio of 1:30 (w/w) and incubated overnight at room
temperature to cleave the Strep-Tag. The plasmid for
expression of the TEV protease was a gift from the Arrowsmith
laboratory (University of Toronto). The Hisstagged TEV
protease was removed by addition of Talon metal affinity resin
(Clontech, 350 4L column volume Talon beads per mg TEV),
incubation for 1 h, and separation of the beads from the protein
solution by filtration. Successful TEV-cleavage was confirmed
by mass spectrometry (Supporting Information Figure Sla).
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Figure 2. Synthetic complexes 1a, 2a, 3a, 4, 5, and 6 (left) and FTIR spectra of those as free complex (middle) and inserted into unmaturated
HydAl (right) as indicated. HydAl-1a is shown as-prepared and in the H,,-state. Spectra were measured at 15 °C in 25§ mM Tris/HCI, pH 8.0, 25
mM KCl (and 2 mM NaDT in HydAl-x). [a] Ref 43. [b] Ref 45. [c] This work. * peak of CO-inhibited state.

Protein samples (Supporting Information Figure S1b, Slc)
were concentrated to 0.5—4 mM in 100 mM Tris/HCI, pH 8.0,
150 mM NaCl, 2.5 mM desthiobiotin, and 2 mM NaDT
(sodium dithionite), sealed anaerobically, and stored at —80 °C
until use.

Reconstitution with Synthetic Active Site Mimics. All
samples were handled under strict anaerobic conditions. For
FTIR samples, a concentrated solution of unmaturated HydAl
prepared as described above was diluted in dilution buffer (25
mM Tris/HCI, pH 8.0, 25 mM KCl, and 2 mM NaDT) to
reach a concentration of 50—150 yM. Fivefold excess of either
[Fe,(xdt)(CO),(CN),]*" (xdt refers to one of the dithiolate
bridge variants) or [Fe,(xdt)(CO)s(CN)]~, dissolved in
DMSO, was added and the mixture was incubated for 1 h at
room temperature. Excess of free synthetic complex was
removed using PD-10 desalting columns (GE Healthcare). For
[Fe,(adt)(CO)s(CN)]™ the procedure was slightly different: it
was dissolved in acetonitrile, the dilution buffer contained 10
mM NaDT, and protein samples were additionally desalted on
a PD-10 column using the dilution buffer supplemented with
10% acetonitrile in order to remove unspecifically bound
complex. After desalting, the protein samples were concen-
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trated to 0.5—4 mM and used immediately or stored at —80 °C
until use.

For activity measurements, a concentrated solution of
unmaturated HydAl was diluted to 1.5—40 pM. A 10-fold
excess of synthetic complex was added and the mixture was
incubated for 1 h at room temperature. The samples were used
immediately for activity tests, For HydAl-1b, the maturation
process was performed in the presence of 10 mM NaDT.

FTIR Analysis. FTIR spectra of [Fe,(xdt)(CO),(CN),]*"
and unmaturated HydAl maturated with any of the synthetic
mimic variants (referred to as HydAl-x here) were measured in
25 mM Tris/HCl, pH 8.0, 25 mM KCl, and dilution buffer,
respectively. Spectra of [Fe,(xdt)(CO);(CN)]~ were measured
in DMSO. All spectra were obtained on a Bruker IES 66v/s
FTIR spectrometer equipped with a Bruker nitrogen cooled
MCT (mercury cadmium telluride) detector. The spectra were
accumulated in the double-sided, forward—backward mode
with 100—1000 scans and a resolution of 2 cm™ at 15 °C. Data
processing was facilitated by home-written routines in the
MATLAB programming environment.

Hydrogen Production Assay. Hydrogen production was
determined according to the procedure described by Winkler et
al:*® the amount of HydAl-x (1-20 uL) corresponding to
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Figure 3. Synthetic complexes 1b, 2b, and 3b (left) and FTIR spectra of those as free complex (middle) and in unmaturated HydAl-bound form
(right) as indicated. Spectra of HydAl-x were measured at 15 °C in 25 mM Tris/HCI, pH 8.0, 25 mM KCl, 2 or 10 mM NaDT. The free complexes

were measured in DMSO. *peak of the free complex 1b.

100 ng (HydAl-1a and HydAl-1b) or 10 pg (all others) was
added to a total amount of 400 xL 100 mM potassium
phosphate, pH 6.8, 100 mM NaDT, and 10 mM methyl
viologen in a 2 mL vial sealed under anaerobic conditions
(Suba-seal septa, 13, Sigma-Aldrich). After flushing with argon
for 5 min and incubation at 37 °C for 20 min, a gas
chromatogram was recorded on a 6890 Series GC System
(Agilent Technologies) using a molecular sieve § A PLOT
column by injecting 300 uL of the headspace gas.

Hydrogen Oxidation Assay. Hydrogen oxidation was
measured anaerobically as previously described®” with the
following modifications: the amount of HydAl-x (1-20 uL)
prepared corresponding to 100 ng (HydAl-1a and HydAl-1b)
or 10 pg (all others) was added to 1 mL 100 mM potassium
phosphate, pH 6.8, 10 mM methyl viologen and spectrophoto-
metrically analyzed at 25 °C for 3—30 min depending on the
activity (using an Ocean Optics USB2000+XR1-ES, equipped
with a DH-MINI Deuterium Tungsten Halogen Source).

Iron Quantification. For iron quantification (see Support-
ing Information, notes on activity measurements), the samples
were prepared as described for FTIR (see above) and used
immediately. For each sample, the iron content was determined
three times for three different protein concentrations according
to the literature procedure.*

Synthesis. All reactions were carried out under an inert
atmosphere of argon using standard Schlenk-techniques or in a
dry argon glovebox (MBraun LabMaster130). Acetonitrile,
dichloromethane, diethyl ether, and n-hexane were purified by
the solvent purification system MBraun MB SPS-800 Auto.
THF used was dried over sodium with benzophenone and
distilled under argon. The compounds presented in Figure 1c
were synthesized corresponding to literature procedures. The
dicyanide compounds [Fe,(xdt)(C0O),(CN),]*” and
[Fe,(SCH,),{CO),(CN),]*~ were synthesized from the
corresponding hexacarbonyl compounds [Fe,(xdt)(CO)]
(xdt = adt,® pdt*™° odt,**® dime-adt,”! NMedt,* tdt,*
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Odet‘”), and [Fe,(SCH,),(C0O)4)** using a standard
procedure described in the Supporting Information.’”®
Monosubstituted derivatives of the type [Fe,(xdt)-
(CO)5(CN)]~ were obtained using the decarbonylation agent
Me,NO followed by addition of [NEt,][CN]*>* (see Supporting
Information). The synthesis of 7 and 8 was carried out as
reported previously.>*”

B RESULTS

Insertion of the Dicyanide Compounds with Different
Bridgehead Groups. The CN and CO stretch vibrations as
observed in FTIR spectroscopy are very sensitive to changes in
the oxidation states of the [2Fe]-core in the H-cluster.
Moreover, slight changes in hydrogen bonding and electrostatic
interactions with the surrounding protein pocket are reflected
in the FTIR spectra as well. In this work, FTIR was used to
check if the complexes are incorporated into unmaturated
HydALl as reported previously for [Fe,(adt)(CO),(CN),]*” 1a,
[Fe,(pdt)(CO),(CN),]*” 2a, and [Fe,(odt)(CO),(CN),]*"
4.¥ We synthesized three additional complexes with variations
in the dithiolate bridge: [Fe,(NMedt)(CO),(CN),]*" 3a
(NMedt = N-Methylazadithiolate), an N-methyl analogue of
adt,* [Fe,(tdt)(CO),(CN),]*" 5 (tdt = thiodithiolate) with a
sulfur atom in the bridgehead,”® and [Fe,(dime-adt)-
(CO)4,(CN),]* 6 (dime-adt = dimethyl-azadithiolate) with
two methyl groups in the azadithiolate backbone®' (Figure Lc).

Figure 2 (middle) shows the FTIR spectra of the free model
compounds la, 2a, 3a, 4, 5, and 6. All six spectra are very
similar showing broad bands due to geometrical flexibility of
the molecules in solution. The corresponding stretching modes
are assigned on the basis of DFT (density functional theory)
calculations and are listed in the Supporting Information
(Figure S3). The overall pattern is in agreement with previously
reported data®® Upon binding to unmaturated HydAl, the
respective complex is immobilized in the protein leading to a
sharpening of the FTIR bands. This was observed for all
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complexes and is indicative of successful insertion (Figure 2,
right'**). 1t is remarkable that methylation of the bridging
amine leading to [Fe,(NMedt)(CQ),(CN),]*~ 3a does not
impair insertion of the mimic complex. On the other hand, the
substantially increased steric demand of [Fe,(dime-adt)-
(CO)4(CN),]*" 6 results in a slight broadening of the FTIR
bands as compared to other complexes. The complicated FTIR
spectrum suggests the occurrence of multiple species or
conformations of the mimic complex which are not properly
immobilized inside the protein pocket. The variants HydAl-2a,
-3a, -4, and -5 show a simple five peak pattern consistent with
one single redox (and conformational) state. The peak patterns
of HydAl1-2a, -3a, and -5 strongly resemble that of H,* (for
the assignment of the corresponding stretching modes of H,,,
see Supporting Information Figure $4). The FTIR spectrum of
HydAl-4 clearly deviates from that of H,, but still reveals an H-
cluster-like signature showing the characteristic stretching
modes of H,, (Supporting Information Figure $4).

Insertion of the Monocyanide Compounds with
Different Bridgehead Groups. To test whether both CN~
ligands of the [2Fe]-subsite are required for binding to
unmaturated HydAl, we synthesized variants of 1a, 2a, and
3a where only one CO ligand is replaced by a CN™ ligand
instead of two in the last synthesis step,>* namely, [Fe,(adt)-
(CO)s(CN)]™ 1b, [Fe,(pdt)(CO);(CN)]~ 2b, and
[Fe,(NMedt)(CO);(CN)]~ 3b (Figure 1c). The FTIR spectra
of the monocyanide variants in solution (Figure 3, middle) are
in agreement with reported data®® and the corresponding
stretching modes are shown in Supporting Information Figure
§5. As verified by FTIR spectroscopy, 1b, 2b, and 3b can all be
inserted into unmaturated HydAl, clearly showing that one
CN~ is sufficient for HydAl-binding (Figure 3, right).
Surprisingly, 1b showed some unspecific binding of the
complex to unmaturated HydAl. Most of the unspecifically
bound complex could be removed by using desalting buffer
containing 10% organic solvent (acetonitrile). Nevertheless,
some features of the free complex can be seen in the spectrum
(Figure 3, right top). The spectra for all HydA1 monocyanide
variants are more complex than those for HydAl-2a, -3a, -4,
and -3, suggesting the occurrence of multiple redox states and/
or conformations. As will be discussed below, the increased
structural complexity of the monocyanide H-cluster variants is
most likely due to the fact that their precursor complexes are
already asymmetric prior to insertion.

Insertion of Mononuclear Iron, All-Carbonyl, and
Additional Dicyanide Compounds. Apart from the
synthetic compounds already described, several others (Figure
1c) including mononuclear iron and all-carbonyl compounds
were incubated with unmaturated HydAl. Except for [Fe-
(CN),(CO);]*” 7, insertion was unsuccessful. The most
common problem is insolubility and instability in water
which turned out to be the case for 8, Ic, 9, and 10b (see
Supporting Information). Complex 10a [Fe,(OHpdt)-
(CO)4(CN),]*~ (OHpdt hydroxo-propanedithiolate) is
more polar than la, 2a, 3a, 4, §, and 6 and fully soluble in
aqueous solution. Nevertheless, insertion into unmaturated
HydA1 could not be confirmed using FTIR spectroscopy. After
incubation of the mononuclear iron compound 7 and
unmaturated HydAl, various peaks could be detected in the
FTIR spectrum, indicating successful incorporation (see
Supporting Information Figure S6). Based on the complex
spectrum, we assume that 7 has multiple binding modes inside
the protein.
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H, Production and Oxidation Activities. The activities of
HydAl-x were determined for both H, production and
oxidation. The activity values were obtained using identical
maturation conditions (except for a slightly different buffer in
the case of 1b), but were not corrected for the degree of
maturation, ie., the amount of protein containing the
corresponding synthetic mimic (for further details see
Supporting Information Figure S2). HydAl-1a and HydAl-
1b showed high activity (Figure 4). Also, activities for the much

a b c

- H, production
Il 1, oxidation
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activity in turnover per second

*

HydA1- HydA1-
3b 2b
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HydA1- HydA1-

HydA1- HydA1-

1a 1b 3a 2a

Figure 4. HydAl-x activities given in turnover frequencies (TOF) for
H, production (blue bars) and oxidation (red bars) under identical
maturation conditions. The activity tests were carried out in 100 mM
potassium phosphate, pH 6.8, 10 mM methyl viologen with the
addition of 100 mM NaDT in the case of H, production. It should be
noted that the y-axis is different in a—c. Table S1 in the Supporting
Information lists all activity values. (a) Activities of HydAl-1a and
HydA1-1b. (b) Activities of HydA1-3a and HydA1l-2a. (c) Activities of
HydAl-3b and HydAl-2b. All samples were measured at least as
triplicate from one preparation. For more details see the Supporting
Information. *at detection limit.

less active hybrids HydAl-2a and HydAl-3a were observed.
HydA1-2b and HydAl-3b showed some residual activity. The
H, oxidation activity of HydA1-2b is at the detection limit of
0.003 s™'. Activities for HydAl-4, HydAl-5, and HydAl-6
could not be detected. It is remarkable that the HydAl
monocyanide variants consistently show a fraction of the
activity of their HydAl dicyanide parent complexes. Fur-
thermore, both H, production and oxidation of the active
HydAl-x hybrids are affected in the same way. This suggests
that the enzymatic reaction in both directions relies on the
same physical properties of the [2Fe]-subsite. All activity values
can be found in the Supporting Information (Table S1).

H DISCUSSION

The unassisted insertion of the binuclear subsite precursors into
the unmaturated HydAl protein is a remarkable feat of nature
which is not yet fully understood. It is assumed that the protein
contains an access channel that directs the precursor toward the
active site pocket. In the unmaturated structure of C. reinhardlii
HydAL1 this channel is visible.*" It is lined with hydrophilic side-
chains that would allow insertion of the water solvated
precursor through an entropically driven process.*® Once
arrived at its destination, the [2Fe]-precursor must form a
covalent bond with the thiolate group of Cys,,s which
coordinates the cubane subcluster. In addition, the precursor
must change its coordination sphere and adopt the “rotated
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conformation” at the distal iron to accommodate an open
coordination site. During this process, also the supernumerary
CO ligand must dissociate.” It is likely that the hydrogen bond
of the distal CN™ ligand to Lys,,g that is embedded in a strong
salt bridge network,™ plays a key role in this conformational
rearrangement. Apart from the covalent thiolate bridge with
Cys,ys, the binuclear part of the H-cluster is only held in
position by electrostatic forces and hydrogen bonds via the
CN~ ligands60 (see Figure §). One can therefore anticipate that

GIn195

@ Os Cc o

Figure 5. H-cluster in C. reinhardtii HydAl with its protein
surrounding. Interactions of the proximal CN~ ligand with the protein
backbone are shown in pink and of the distal CN™ in green.
Interactions of the bridging nitrogen with the protein surrounding are
depicted in cyan. The interaction of the bridging CO with Met,,; is
shown in yellow. The picture is designed on the basis of the crystal
structure of CpI** using the program PYMOL.>
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slight changes in the binuclear subcluster ligand sphere as well
as the bridgehead group will have a strong effect on the
insertion mechanism and the catalytic activity. The series of 15
model complexes (Figure 1c) that are presented in this study
cover a wide range of size, charge, polarity, and bridgehead
properties that can be used to probe the insertion channel and
the protein surrounding of the H-cluster.

Insertion Channel and H-Cluster Protein Pocket. The
H-cluster is located in a cavity inside the HydAl protein. From
there, a hydrophilic channel, 8—15 A wide and about 25 A
deep, leads to the protein surface.’’ The mononuclear iron
compound 7 is significantly smaller than the native [2Fe]-
subsite. Tt can easily pass through the channel and bind to the
active site cavity since it has been shown to be inserted into
unmaturated HydAl by FTIR spectroscopy (Supporting
Information Figure $6). The spectrum features numerous
peaks in the region of CN, CO, and bridging CO, indicating the
presence of different states. Compound 7 is small relative to the
space provided in the protein pocket and might be able to
adopt different orientations since it is not fixed in a certain
position like the native [2Fe]-subsite.
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In order to find out if the channel and the cavity provide
space for a [2Fe]-subsite larger than the native one, we
synthesized two [2Fe]-subsite compounds 3a and 6, which
have additional steric bulk. 3a has a methyl group on the
bridgehead nitrogen, and in 6, two methylene protons are
replaced by methyl groups (Figure 1c). The additional methyl
groups do not prevent insertion into unmaturated HydAl,
clearly showing that the compounds 3a and 6 can pass the
channel and bind in the active site cavity. It can be concluded
that the H-cluster protein pocket provides more space than
needed for the native [2Fe]-subsite. Complex 6 is the bulkiest
synthetic compound inserted into HydAl so far and might be
close to the limit in size that we can include in the H-cluster
protein pocket. Compound 10a, with its hydroxo-propane-
dithiolate bridge, is sterically less demanding than 3a and 6.
However, insertion into unmaturated HydAl could not be
detected. Compound 10a is fully soluble in water as it is more
polar than all other compounds discussed in this work. This
high polarity might be connected to its unsuccessful insertion.
Possibly, the solvation shell is too tightly bound to 10a and
cannot be stripped off upon the attempt to enter the channel.
Hence, it is too big to pass through the channel and no
insertion can occur.

Interactions between the H-Cluster and the Protein
Pocket. As already described, the [2Fe]-subsite of the
H-cluster forms a covalent bond with a cysteine sulfur which
connects it to the [4Fe-4S]-cluster. Apart from that, the
strongest interactions of the [2Fe]-subsite with the protein
surrounding are H-bonds and other electrostatic interactions
(Figure 5).5° In order to explore which interactions are
necessary for binding, some of the hybrids synthesized lack
specific interactions of the [2Fe]-subsite to the nearby amino
acids. For example, in HydAl-2a, no H-bond between Cys
and the bridgehead is possible. Also the electrostatic
interactions between Met,s and the bridgehead are missing.
Despite this, 2a can be inserted into unmaturated HydAl.
HydAl-2b carries a CO ligand instead of the second CN™
ligand. Therefore, there are two different orientations of the
[2Fe]-subsite possible with respect to the [4Fe-4S]-cluster. In
principle, both orientations can be obtained;*® however, the
orientation with the distal CN™ might be favored due to a
strong H-bond to the side chain of Lys,.*"®" In any case, the
interaction of the protein surrounding with one of the CN~
ligands is absent. Certainly, this does not prevent binding to
unmaturated HydAl. It is therefore apparent that the
interactions between nearby amino acids and the CN™ ligands
are not crucial for the insertion process itself, but they might be
important for subsequent stabilization of the [2Fe]-subsite
inside the protein pocket.

Structural Effects of the Bridgehead Group. The native
binuclear [2Fe]-subsite has an NH group in the bridging
dithiclate ligand. In this study, the bridges modified with CH,,
O, S, or NCHj; are exploited. The FTIR spectra do not differ
much depending on the bridgehead (Figure 2, right), matching
the results of DFT calculations by Yu et al.** HydAl-2a, -3a,
and -5 have a very similar pattern resembling HydAl-1a-H,,.
This indicates that all compounds are similarly bound to
unmaturated HydAl in a “rotated conformation” and that the
supernumerary CO is dissociated. Presumably, the [2Fe]-
subsite is in the redox state Fe'Fe"" as suggested for HydAl-2a
based on EPR measurements.”” Interestingly, the IR
frequencies of all peaks of HydAl-4 are shifted to higher
energies. This is particularly pronounced for the bridging CO at
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1867 cm™, indicating that the CO has significantly reduced
bridging character. However, it is not a terminal ligand on one
iron since its frequency is clearly distinct from that of the other
CO groups. A shift to higher wavenumber compared to H,, is
also observed for the inactive state Hj,, or Hy,, of
Desulfuvibrio desulfuricans®®®® (see Supporting Information
Table S2), where the distal iron carries an additional ligand
which was postulated to be a hydroxo group.” Such a ligand
might be stabilized by the oxygen bridgehead. Ligand binding
to the open coordination site (H,, H,O) or protonation of the
bridgehead oxygen in HydA1-4 seems rather unlikely based on
calculations® (see also Supporting Information Table S2). We
suggest that although the central bridgehead atoms in HydA1-4
(O) and HydA1-5 (S) are isosteric and isoelectroni, it is their
interaction with the protein surrounding that gives rise to
differences in the spectra. However, HydA1-$ has an additional
component in the spectrum (Supporting Information Figure
S7), probably indicating a second, minor species that has a
similar structure to HydAl-4.

Structural Effects of the Ligand Sphere. HydAl-1b,
HydA1-2b, and HydA1-3b contain a CO ligand instead of the
second CN ligand found in HydA1-1a, -2a, and -3a. The FTIR
spectra of HydA1-2b and HydA1-3b are more complex than
those for HydA1-2a and -3a (Figures 2 and 3). For all HydA1l
monocyanide variants, the two different orientations of the
[2Fe]-subsite with respect to the [4Fe-4S]-cluster might
contribute to the complexity of the spectra. Also, this increased
structural complexity of the monocyanide H-cluster variants is
likely related to the asymmetric nature of their precursor
complexes prior to insertion. The FTIR spectrum of HydAl-1b
is also complex but may additionally be explained by the
occurrence of a mixture of different catalytically active states.
Based on DFT calculations, it seems likely that the spectra of
HydAl1-2b and HydAl-3b contain signals from the [2Fe]-
subsite in the oxidation states Fe'Fe' and Fe'Fe' (Supporting
Information Figure S8, Table S3, Figure S9).

HydA1-6 has modifications in the second ligand sphere: the
two methylene groups of the dithiolate ligand are modified by
one CH; group each instead of a proton. This leads to a FTIR
spectrum that features various peaks (Figure 2, right bottom).
They arise from a mixture of different isoforms and oxidation
states (see Supporting Information Figure S10). Changes in the
ligand sphere have a strong structural effect on the [2Fe]-
subsite as can be seen from the FTIR spectra.

Catalytic Mechanism and Proton Transfer. In the
catalytic cycle, H, is reversibly and heterolytically split into
protons and electrons. The distal iron of the [2Fe]-subsite
functions as an electron buffer and the protons presumably
bind to the bridgehead nitrogen and are transported from there
to the surface.®* Our experiments revealed, however, that
HydAl-2a with a CH, group in the bridgehead has some
remaining activity, which is decreased by 3 orders of magnitude
as compared to HydAl-1a (Figure 4). The catalytic cycle must
therefore work differently from that of HydAl-1a, since no
protonation of the methylene bridge can occur. More than a
decade ago, the bridgehead was suggested to be CH,.®
Therefore, several mechanisms were proposed that did not
include protonation of the bridgehead atom.®>™” It was instead
assumed that one of the sulfurs of the dithiolate bridge is
protonated. Basically, one of those functional but, apparently,
less efficient mechanisms could occur in HydAl-2a. Also for
these mechanisms redox activity of the H-cluster is required.
Recently we reported a detailed spectroscopic investigation of
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HydAl-2a, where, indeed, two different redox states with a one-
electron-oxidation transition were identified.** The low activity
of HydA1-2a is probably connected to the lower basicity of the
bridging dithiolate group as well as their unfavorable position-
ing with respect to the proton channel of the enzyme.
Supposedly, Cys,qo is the first amino acid of this chain that is
within H-bonding distance of the amine bridge(’o'é4 (Figure 5).
Clearly, the distance of Cysq to the bridging dithiolates is
larger, which considerably slows down proton transfer. For
efficient catalysis, it seems, therefore, important that a proton
transfer chain is close to the first proton acceptor of the active
site.

Following the pendant base paradigm, a decreased activity
going from a polar bridgehead (HydAl-1a) to a less polar
(HydA1-4 and HydAl-S) and eventually to a nonpolar
bridgehead (HydAl-2a) is expected. Experimentally, however,
we find that only the nonpolar variant HydA1-2a has residual
activity. Apparently, the catalytic mechanism of HydAl-la
depends not only on the correct positioning of the amine group
with respect to the proton channel, but also on additional H-
bonding and electrostatic interactions of the amine group with
residues Cys 9 and Met,,s. Supposedly, these interactions are
disturbed for HydA1-4 and HydA1-$ resulting in a collapse of
the main catalytic mechanism. The question then arises why the
mechanism proposed for HydA1-2a does not work for HydA1-
4 and HydA1-5. The most likely explanation is the stronger
basicity of the dithiolate sulfurs in HydA1-2a than in HydAl-4
and HydAl-5 because of the positive inductive effect of the
additional methylene group. This increases the electron density
on the thiolate sulfur atoms and favors protonation compared
to HydAl-4 and HydAl-S.

HydAl-3a and -6 both have a nitrogen atom in the
bridgehead. Its basicity should be approximately the same as
for HydAl-1a, because it was shown to be the same within
error for the free complexes [Fe,(adt)(CO)g], [Fe,(NMedt)-
(CO)4), and [Fe,(dime-adt)(CO)s].>" Nevertheless, the
activity of HydAl-3a is decreased and HydAl-6 is inactive.
The reason might be that the steric demand of the methyl
groups impedes protonation or disturbs the fine-tuned fit in the
protein pocket leading to no or lower activity. It is also possible
that the protein surrounding changes the basicity of the
nitrogen in HydAl-1a, -3a, and -6 in a different way. In HydA1-
3a, the methyl group on the nitrogen can be oriented either
toward Cys,;, (equatorial) or toward the open cavity (axial)
(Figure S). The axial position of the methyl group is probably
sterically favored. However, in this conformation the lone pair
of the bridgehead nitrogen is not accessible for the proton
which arises from H, splitting at the distal iron site. HydA1-3a
is the hybrid with the third highest activity of all semisynthetic
hydrogenases, emphasizing the importance of the amine in the
bridgehead (see previous section). In contrast, in HydA1-6, the
steric bulk of the additional methyl groups and/or the complex
stereochemistry eliminate all catalytic ability.

HydA1-1b. Of all the semisynthetic hydrogenases presented
here, only HydA1-1b shows activity that is close to the native
HydA1 and the hybrid HydAl-1a. Regarding the different key
properties identified as crucial for a functional hydrogenase,
most of these are given for HydAl-1b: The bridgehead atom is
the same as in the native system, the protein pocket has the
appropriate size for the synthetic [2Fe]-subsite, and the proton
formed upon H, splitting can be accepted by the bridgehead
nitrogen followed by transport to the protein surface via the
proposed proton transfer channel. The only aspect that is
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different in the case of HydA1-1b is the anchoring of the [2Fe]-
subsite with the CN™ ligands in the protein pocket. This could
lead to suboptimal stabilization of the [2Fe]-subsite. The lower
activity of HydA1-1b is probably related to the fact that this H-
cluster variant can exist in two isomers: one with a distal CN~
and one with a proximal CN™ ligand. Presumably, only the
distal CN™ variant is catalytically active, since here the rotated
conformation around the distal iron atom is stabilized by the
hydrogen bond of the distal CN™ to Lys,,s. Furthermore, the
reduced negative charge of the [2Fe]-subsite, caused by the
missing CN~ ligand, might decrease the catalytic activity of the
H-cluster. The CN~ ligand is a powerful o-donor ligand
whereas CO ligands have a strong 7-back-bonding effect. The
absence of one CN™ ligand and an additional CO ligand likely
changes the overall electronic structure of the H-cluster.
Presumably, the electron density on the iron center is lowered,
which could lead to a less basic amine group.

B CONCLUSIONS

A series of modified synthetic binuclear [2Fe]-compounds
related to the active center of the native [FeFe]-hydrogenase
were introduced into unmaturated HydAl and tested for their
structural and catalytic properties. It was shown that the H,
production and oxidation activity relies on the same physical
and chemical properties of the [2Fe]-subsite. The CN™ ligands
establish the overall charge of the [2Fe]-subsite. Apart from
this, they do not seem to be essential for the catalytic
mechanism. Rather, these CN™ groups stabilize the H-cluster in
the protein pocket through electrostatic and hydrogen bonding
interactions. Furthermore, the basicity of the azadithiolate
moiety is critical for proton binding and transfer into the
binding pocket and, therefore, for the catalytic activity of the H-
cluster (the propanedithiolate, oxadithiolate, and thiodithiolate
variants are strongly reduced in activity). Also, the conforma-
tional flexibility (e.g., flipping of the amine group away from
Fe;) and spatial freedom of the azadithiolate moiety plays an
important role in the catalytic mechanism. Introduction of
steric bulk (N-methylazadithiolate bridge) reduces this
flexibility and spatial freedom, significantly impairing catalytic
activity. Moreover, the protein pocket around the azadithiolate
bridge can accommodate substantial steric bulk. This space is,
however, probably needed for adaptive conformational changes
of the surrounding protein synchronized with those of the
binuclear subsite. This may be the reason the dimethyl-
azadithiolate variant is not comfortably accommodated in
HydAl and does not show any activity. The H-cluster has
sufficient flexibility to allow for alternative but less efficient
protonation sites and probably also proton transfer pathways as
shown for the case of the propanedithiolate variant.

The novel technique of artificial maturation of [FeFe]-
hydrogenases**** introduces many possibilities to engineer
semiartificial hydrogenase-derived H, producers. However, the
introduction of synthetic model compounds into the
unmaturated enzyme faces several limitations. First, the protein
pocket has defined dimensions and it does not provide space
for model compounds of significantly larger size than the native
cofactor. On the other hand, small model compounds like
mononuclear iron complexes can be easily introduced into the
H-cluster pocket, but they seem to have conformations not well
tuned to the protein surrounding, which is disadvantageous for
catalytic activity. Additionally, the synthetic complex must also
be designed in a way that its surface solvation shell is
compatible with the cationic protein insertion channel.
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Preferably, the mimics should be also water-soluble and stable,
although alternative maturation conditions could be developed.

So far, most hydrogenase active site model compounds do
not fulfill these conditions. A concerted, knowledge based
approach addressing both the protein surrounding as well as
the inserted binuclear subcluster precursor might provide a
road to improved hydrogenases with respect to activity and
oxygen sensitivity. The successful insertion of a series of [2Fe]-
subsite variants into native unmaturated HydA1l shown in this
work demonstrates the viability of such a strategy.
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4.1.2 Supporting information

Hybrid [FeFe]-hydrogenases with modified active sites show remarkable

residual enzymatic activity

Judith F. Siebel, Agnieszka Adamska-Venkatesh, Katharina Weber, Sigrun Rumpel, Edward

Reijerse, Wolfgang Lubitz

Protein preparation
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Figure S1. a) Mass spectrum of unmaturated HydA1 before and after cleavage of the TEV site. The calculated
masses are 49896 Da and 47542 Da, respectively. Spectra were taken on a sina matrix with a Voyager-DE PRO
Workstation MALDI-TOF-System (Applied Biosystems). b) SDS PAGE of unmaturated HydA1 after one-step
purification using affinity chromatography (Strep-tag). Novex Sharp Unstained Protein Standard (Invitrogen)
was used as molecular weight marker. ¢) Gel chromatography on a Superdex 16/60 (GE Healthcare) in 50 mM
HEPES, pH 7.4, 250 mM NacCl, 2 mM DTT (dithiothreitol) under anaerobic conditions. Unmaturated HydA
elutes as a single peak after 70.4 ml which corresponds to a mass of 49 kDa, fitting to the actual size of the
protein (48 kDa). Inset: Calibration of the Superdex S200 16/60 using thyroglobin (660 kDa), ferritin (440 kDa),
albumin (68 kDa), ovalbumin (44 kDa), desoxyribonuclease (31 kDa) and myoglobin (16 kDa) as calibration
proteins in 50 mM HEPES, pH 7.4, 250 mM NaCl. Elution of unmaturated HydA1 is shown with a red asterisk.
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Notes on activity measurements

HydAl-1a and wild-type HydA1l are known to have an activity of 600-700 umol H, per
second per mg protein in hydrogen production.” * This corresponds to turnover frequency
(TOF) of 476-556 turnovers per second (calculated with a protein mass of 47.5 kDa). H,
oxidation was measured to be *40% of the H, production activity using the same incubation

temperature.”

Table S1. H; production and oxidation activities

hybrid hydrogenase H, production in's ' H, oxidation in s '
HydAl-1a 442 + 50 144+ 6
HydAl-1b 207 + 40 59+13
HydA1-3a 6.1+1.1 1.8+0.3
HydA1-2a 0.76 £ 0.25 0.05+0.02
HydA1-3b 0.19+0.02 0.012 £ 0.004
HydA1-2b 0.13+0.02 *

* 100 close to detection limit of 0.003 s

All activities in this study were measured at least three times from one HydA1-x preparation.
The reported values are mean values + standard deviation. It should be noted that the
variations among independently prepared samples are slightly larger than the ones shown.
This is mainly caused by the imprecise protein determination of highly diluted samples.
Further variations are caused by aging of the protein sample and complex solution as well as
inaccuracies in dilution. For exact comparison of activities, ideally the same amount of
protein should be used in the measurement, which, however, is not possible for the highly
active (HydA1-1a and HydA1-1b) and poorly active (all other) hybrids. Due to the inaccuracy
in the activity measurements as outlines above, a direct comparison of absolute numbers is
avoided. Therefore, only prominent tendencies in activities which can differ by factor up to
10000 are discussed.

The activity of HydAl1-1b is strongly dependent on the maturation conditions. Activation
using standard conditions (25 mM Tris/HCI, pH 8.0, 25 mM KCIl and 2 mM NaDT, protein
concentration of =5 uM) leads to large variations in activity which can end up to be a factor of
100 lower than under optimized conditions (25 mM Tris/HCI, pH 8.0, 25 mM KCI and

10 mM NaDT, protein concentration of =40 uM). This suggests that during activation in
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aqueous buffer HydA1-1b is more sensitive to oxidation than HydA1-1a and that the insertion
reaction is less favored.

All activities in this study were measured after 1 h incubation time (Figure 4). Therefore, they
do not contain the information on how much of the protein was maturated. This was
separately tested using iron quantification. Unmaturated HydA1 contained 2.3 &= 0.1 iron per
protein, corresponding to 55-60 % of protein containing the [4Fe-4S]-cluster. Figure S2
shows how much of this “competent” fraction was maturated with the binuclear [2Fe]-subsite
mimic. The degree of maturation varies between 25% and 80%. HydAl-1a and HydA1-1b
both are maturated (on average) close to 80%. Therefore the quoted activities need not be
corrected. Although there are variations in the degree of maturation (especially low for
HydAl-2a and high for HydAl-1a, HydAl-1b and HydAl-3a), the overall orders of
magnitudes in which the activities of HydA1-x are discussed remain unaffected. HydA1-2a

was shown before to have a low maturation degree using spin counting.’

100

80+

60

40

degree of maturation in %

20

HydA1- HydA1- HydA1- HydA1- HydA1- HydA1- HydA1- HydA1- HydA1-
1a 1b 2a 2b 3a 3b 4 5 6

Figure S2. Degree of maturation for all HydA1-x after 1 h incubation time of unmaturated HydA1 and 5-fold
excess of synthetic complex. Excess complex was removed using PD10 desalting columns (GE Healthcare) as
described in Materials and Methods. The iron content of each sample was determined in triplicates for three

different protein concentrations. The shown values are mean values of all 9 measurements + standard deviation.
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Synthesis of [(NEty),][Fe,(pdt)(CO)4(CN),] and [NEt][Fe,(pdt)(CO)s(CN)]

The procedure described in the following for 2a was carried out analogously for 1a, 3a, 4, 5
and 6.

[(NEts):][Fex(pdt)(CO)4(CN)z]:  [Fea(pdt)(CO)s] (0.11 g, 0.27 mmol) was dissolved in
acetonitrile (4 ml) and [NEt4][CN] (0.09 g, 0.56 mmol) was added as a solid at room
temperature. After gas evolution stopped, the reaction mixture was stirred for 2 h. The product
was precipitated by addition of 8 ml of Et,0O and recrystallized from a dichloromethane
solution with n-hexane at —40 °C. The product was isolated as a deep red crystalline solid
(0.13 g, 69%) and verified by 'H-NMR and FTIR-spectra in agreement with published
results.*®

The procedure described in the following for 2b was carried out analogously for 1b and 3b.
[NEt4][Fe2(pdt)(CO)s(CN)]: [Fex(pdt)(CO)s] (0.05 g, 0.13 mmol) was dissolved in acetonitrile
(2 ml) and MesNO (0.01 g, 0.13 mmol) was added as a solid. The solution was then cooled to
—40 °C and treated with a solution of [NEts][CN] (0.02 g, 0.13 mmol) in 1 ml acetonitrile.
The reaction mixture was allowed to warm up to room temperature and was stirred for 2 h.
The solvent was removed under reduced pressure; the residue was washed with 5 ml Et,O and
then recrystallized from a THF solution with n-hexane at —40 °C. The product was isolated as
a red crystalline solid (0.04 g, 58%) and verified by '"H-NMR and FTIR spectra in agreement
with published results.”

Computational methods

All calculations reported in this paper were performed using the ORCA program package
(Program Version 3.0.2).® Geometry optimizations and frequency calculations were carried
out at DFT level, using the BP86 GGA functional in conjunction with the RI

13 The recontracted scalar-relativistic TZVP basis set was used.'* To fit the

approximation.
BP86/RI/TZVP calculated CN and CO frequencies a calibration according to Yu et al."> was
used: V(CNseqr) = 0.990%v(CNcyy); v(COseqr) = 1.023*v(COcyy) — 49. Calculated models and

vibration modes were visualized using the program ChemCraft (Version 1.7).
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Stretching modes of [Fez(xdt)(CO)4(CN)2]27

1937 cm’™ 1899 cm™
. &) N . \ &) o 9

1950 cm™

1914 cm™

Figure S3. General shape of the FTIR spectrum of [Fe,(xdt)(CO)4(CN),]*". Shown here is the measured
spectrum of [Fey(pdt)(CO)4(CN),]*~ (see also Figure 2) and the corresponding symmetrical and antisymmetrical
stretching modes of the CO and CN ligands including the calculated wavenumbers. The stretching modes and
wavenumbers were calculated for [Fey(pdt)(CO)4(CN),]* using the ORCA program as described above. These
are comparable to [Fey(adt)(CO)4(CN),]*~ with a maximum shift of 6 cm . The direction of the arrows indicates
whether the stretching is in phase or out of phase; the length shows the approximate amplitude of the vibration.
As starting structure, the coordinates of the crystal structure from [(EtyN),][Fe,(pdt)(CO)4(CN),] were used” for
geometry optimization on DFT level. The cations were removed for the calculation. Stationary points were
confirmed to be minima by the absence of imaginary frequencies. The stretching modes of the CN ligands were
calculated to be at 2068 cm ' and 2049 cm ', whereas stretching modes of the CO ligands are between 1937
cm ' and 1850 cm ™' and clearly shifted to lower wavenumbers of ~50 cm ' as compared to the measured FTIR
spectrum. At 1937 cm"', all CO ligand stretching vibrations are in phase.
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Stretching modes of HydA1-H,,

1961 cm’™” 1935cm’”
9
N 8
“ v '
A \\

_ e, -1

A\ i
2081 cm™ 2073 cm’™ 1827 cm’™

Figure S4. The FTIR spectrum of HydAl-H, is taken from Adamska-Venkatesh et al., 2014.”° The
corresponding symmetrical and antisymmetrical stretching modes and wavenumbers of the CO and CN ligands
were calculated for [Fe,(adt)(CO)4(CN),]* using the ORCA program for the shown model. The direction of the
arrows indicates whether the stretching is in phase, the length shows the approximate size of the elongation. The
stretching modes of the CN ligands were calculated to be at 2081 cm ™' and 2073 cm . The signal at 1961 cm ™
corresponds to a symmetrical stretching for all CO ligands, whereas the signal at 1935 cm ' shows
antisymmetrical stretching as indicated. The signal at 1827 cm™' results mainly from the bridging CO ligand.

* peak of CO-inhibited state
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Stretching modes of [Fe,(xdt)(CO)s(CN)]
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Figure S5. General shape of the FTIR spectrum of [Fe,(xdt)(CO)s(CN)] . Shown here is the measured spectrum

of [Fey(pdt)(CO)s(CN)] (see also Figure 3). The corresponding symmetrical and antisymmetrical stretching
including the calculated wavenumbers were calculated for

modes of the CO and CN ligands
[Fex(pdt)(CO)s(CN)] using the ORCA program. They are the same for [Fe,(adt)(CO)s(CN)] . The direction of

the arrows indicates whether the stretching is in phase, the length shows the approximate size of the elongation.
As starting structure, the coordinates of optimized structure [Fe,(pdt)(CO)4(CN),]* (Figure S3) were used and

modified to [Fe,(pdt)(CO)s(CN)] . Geometry optimization was performed on DFT level. The CN stretching
mode was calculated to be at 2070 cm™'; in addition there are five signals from CO ligand stretching. The signal

with highest energy at 2003 cm™ corresponds to a stretching of all CO ligands in phase.
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Further insertion attempts: mono-nuclear iron, all-carbonyl and additional

di-cyanide compounds

Compound 8 is purple in color and turns black upon water exposure, indicating
decomposition. Compound 9 is less polar as compared to all other variants and not fully
soluble in DMSO. As a slightly less polar and water mixable solvent acetone was used.
However, only a diluted solution of 9 could be made. A mixture of unmaturated HydA1 and 9
turned yellowish-milky, indicating water insolubility. The same phenomenon was observed

for a mixture of unmaturated HydA1 and 1¢ as well as 10b dissolved in DMSO.

HydA1-7 did not show any hydrogen production or oxidation activity. Figure S6 shows the
FTIR spectrum of compound 7 in free and HydA 1-bound form.

in aqueous solution in unmaturated HydA1
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Figure S6. FTIR spectra of Fe(CN),(CO);*” in aqueous solution and inserted into unmaturated HydA1. Spectra
were measured at 15 °C in 25 mM Tris/HCI, pH 8.0, 25 mM KCI (and 2 mM NaDT in case of HydA1-7). The
spectrum on the right is rescaled to the same amplitude.
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HydA1-2a, HydA1-3a, HydA1-4 and HydA1-5

Table S2. Vibrational frequencies for C.r. HydA1 Hox, HydA1-X, D.d. Hitans, D.d. Hinaer and
HydA1-x".

W(CN) (em ™) wCoyem) | D) | et
C.r. Hox 2083 2070 1964 1940 1800 v
HydAl-2a 2085 2065 1963 1934 1798 18
HydAl-3a 2084 2061 1960 1932 1788 | this study
HydA1-5 2089 2069 1971 1944 1804 | this study
HydA1-4 2090 2075 1980 1962 1867 18
D.d. Hians 2100 2075 1983 1977 1836 19
D.d. Hinaet 2106 2087 2007 1983 1848 1
HydAl-1a° 2085 2076 1969 1944 1833 1
HydA1-2a° 2088 2074 1970 1946 1825 13
HydA1-4° 2091 2083 1980 1953 1838 13
HydA1-4-H,° 2104 2087 1983 1955 1835 1
HydAl-4-H,0° | 2084 2082 1978 1946 1820 13
HydA1-4-He 2108 2097 2021 1991 1889 13
HydA1-4-H," 2113 2006 1994 1978 1872 1

¢ = computed

Blue: The FTIR spectra of HydA1-2a, -3a and -5 resemble the Ho state of C.r. HydAl.
Yellow: In HydA1-4, especially the vibrational modes of the CO ligands are shifted to higher
wavenumbers. This is also seen in Hans and Hip,ee of D.d. HydAl.

Green: Computed FTIR spectra. The calculated spectra of HydA1-4 with the ligands H,
(HydA1-4-H,®) and H,O (HydA1-4-H,O°) on the distal iron do not show a big effect on the
peak positions. Protonation of the bridgehead oxygen with the proton equatorial
(HydA1-4-H ") leads to a shift to higher wavenumbers for all peaks, especially drastic for the
CO bands, whereas axial protonation (HydA1-4-H,,") leads to a complete change in the peak
pattern.'” From these data, it seems rather unlikely that HydA1-4 as observed in FTIR has an
H; or H,O ligand on the distal iron or is protonated on the bridgehead. Compared to HydA1-
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1a° and HydA1-2a°, the frequencies of HydA1-4° are slightly shifted to higher wavenumbers,

following the trend observed experimentally.

Looking closely at HydA1-5, there is an additional component in the spectrum similar to the
one obtained for HydA1-4, probably indicating a second, very minor species that has a similar

structure as HydA1-4 (Figure S7).

0 2-
4 srsf | 1962 [@al| S5
oc. 17731 co 1980! o
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Figure S7. FTIR spectra of HydA1-4 and HydA1-5 as shown in Figure 2. Very small peaks in HydA1-5 which
resemble the peaks in HydA1-4 are marked in red. They indicate that in the spectrum of HydA1-5, a species
similar in structure to HydA1-4 is found.

[a] '® [b] this work
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HydA1 mono-cyanide variants

The complex FTIR spectra of HydA1-2b and HydA1-3b (Figure 3) cannot be explained by
the occurrence of multiple redox states due to catalytic activity as for HydAl-1la and
HydA1-1b. For all HydA1 mono-cyanide variants, there can be two different orientations
with the CN ligand on the same side as the [4Fe-4S]-cluster or on the opposite side
(Figure S8). The position of the CN ligand affects the vibrational modes in the FTIR (see
Table S3). Based on DFT calculations, it seems likely that the spectra of HydA1-2b and
HydA1-3b have signals from the binuclear [2Fe]-subsite in the oxidation states Fe'Fe" and
Fe'Fe' (see below, Figure S9). Interactions of the bridgehead with the protein surrounding
also have an effect on the CO and CN vibrational modes since the spectra of HydA1-2b and
HydA1-3b are not identical.

a b

I 7

&.

X

Figure S8. Possible conformations of HydAl mono-cyanide variants. a) The CN ligand and the
[4Fe-4S]-cluster (here as CH;SH-group) are on opposite sides. b) The [4Fe-4S]-cluster and the CN ligand are
on the same side.

Geometry optimization has been performed on DFT level for HydAl-2b in the two
orientations of the CN™ ligand (Figure S8) in the redox states Fe'Fe' or Fe'Fe' and the FTIR
spectra were predicted (Table S3). For comparison, geometry optimization has also been

made for HydA1-2a in the redox state Fe'Fe'.
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Table S3. Computed vibrational frequencies for HydA1-2a® and HydA1-2b°.

HydAl-2a° W(CN) (cm ™) W(CO) (cm )
Fe'Fe" 2082 2071 1961 1936 1825
HydA1-2b° (Vc(g_\% WCO) (em™)

Fe'Fe' (0) 2073 2027 1999 1961 1940
Fe'Fe'l (s)° 2110 2031 1990 1980 1868
Fe'Fe' (0) 2089 1969 1941 1905 1895
Fe'Fe' (s)° 2077 1961 1923 1903 18221

= computed
[a] bridging CO
s: CN ligand and CH;SH-group point to the same side

0: CN ligand and CH;SH-group point to the opposite sides
* shown in Figure S9¢

0 vwceN)

[ w(CO) shifted to higher wavenumbers compared to HydA1-2a®
[ v(CO) in the same region as HydA1-2a®

[ w(CO) shifted to lower wavenumbers compared to HydA1-2a°

[ v(u-co

As seen in Figure S9a, the peaks of FTIR spectra of [Fey(xdt)(CO)4(CN),]*~ shift to higher
values for [Fey(xdt)(CO)s(CN)]™ (indicated by arrows, shown for [Fe,(pdt)(CO)4(CN),]*~ 2).
This is caused by the reduced negative charge of the complex due to the lacking CN ligand in
[Fex(xdt)(CO)s(CN)] : the electron density on the irons is lower and less electron density can
be donated to the CO ligands via m-back-bonding overall, leading to comparably stronger
C=0 bonds.

Figure S9b shows the experimental FTIR spectra of HydA1-2a and HydA1-2b. In HydA1-2a,
the vibrations of the CO ligands are found at 1963 cm ' and 1934 cm™' (area shown in pink),
whereas in HydA1-2b, we observe peaks above (orange) and below (yellow) that region.
Assuming the same structure including a bridging CO as observed, peaks in the orange region
can be explained by the general shift to higher wavenumbers from a more to a less electron
rich complex as explained above. In this case, the oxidation state must remain constant (i.e.
Fe'Fe'). Peaks in the yellow region can only be explained by a lowering of the oxidation state,
presumably to Fe'Fe'. The electron for the reduction could come from the reduced
[4Fe-4S]-cluster. Compared to di-cyanide variants, the mono-cyanide variants have less

electron density on the [2Fe]-subsite and should therefore be easier to reduce. As shown in
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our recent paper on HydA1-1a and HydA1-2a’, slight modifications in the [2Fe]-subsite have

relatively strong effects on the redox potentials.
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Figure S9. a) Spectra of the free complexes [Fex(pdt)(CO)4(CN),]* and [Fe,(pdt)(CO)s(CN)] ™ in solution with
shift of frequencies. b) Illustration of the origin of the peaks in HydA1-2b. The FTIR spectrum of HydA1-2a is
shown on the top and of HydA1-2b at the bottom. ¢) Calculated spectra of HydA1-2a° in the oxidation state
Fe'Fe" (top) and of HydA1-2b° in the oxidation states Fe'Fe" and Fe'Fe'. The color coding corresponds to Table
S3.

[a] "® [b] this work

Figure S9c¢ shows the calculated spectra HydA1-2a®, HydA1-2b¢ (Fe'Fe") and HydA1-2b°
(Fe'Fe'). In HydA1-2b® (Fe'Fe'), the peaks are shifted to higher wavenumbers (orange region)
compared to HydAl-2a° whereas the peaks of HydA1-2b° (Fe'Fe') are shifted to lower
wavenumbers (yellow region). This confirms the assumption made for the experimental
spectrum. Peaks of bridging CO ligands (green area) and peaks in the pink region as seen in
the experimental spectrum of HydA1-2b originate from both oxidation states according to
DFT calculations (Table S3, highlighted in the respective color). It is shown here for
HydA1-2b and was chosen as an example for a HydA1 mono-cyanide variant. For the reasons

explained above, it seems likely that we observe peaks from the oxidations states Fe'Fe' and

Fe'Fe' in the FTIR spectrum of HydA1-2b and HydA1-3b.
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HydA1-6

The FTIR spectrum of the HydA1-6 is very different from HydA1-1a-H,, HydA1-2a, -3a, -4
and -5. There are various peaks between 2102 cm ™' and 1907 cm ™' and no clear peaks can be
observed in the region of the bridging CO (1750—1850 cm ). Additionally, there are several
peaks in the region where none could be observed for HydA1-1a-H and HydA1-2a, -3a, -4
and -5 (2051-1987 cm ' and 1907 cm ). In summary, this indicates that the electronic
structure of HydA1-6 is very different from HydAl-1a-H,x and HydA1-2-S and that we
observe more than one state. This is likely because 6 in contrast to 1-5 has two diastereomers,
depending on the orientation of the methyl groups: the d,/-isomer (Figure S10a) and the
meso-isomer. In the latter the methyl groups can be either diequatorial (Figure S10b) or
diaxial (Figure S10c¢). The additional steric bulk of the methyl groups might also contribute to

differences in the electronic structure as compared to HydA1-2-5.

a b c

HN_ CH, H H NH H3C NH

CH3 / “‘\\CH3 3C “\\\H
\("/H HsC H

\ ’ \ \

L3FE—F8L3 F8L3 L3Fe FeL3
d,l-isomer meso-dlequatorlal meso-diaxial
Figure S10. a—c) Isomers of the synthetic complexes [Fe,(dime-adt)(CO)4(CN),]*". a) The d,l-isomer. b) The

meso-diequatorial diastereomer. ¢) The meso-diaxial diastereomer where the bridge from the meso-diequatorial

is flipped.
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Photohydrogen generation in microalgae is catalysed by hydroge-
nases, which receive electrons from photosystem | via the ferredoxin
PETF. The dominant acceptor of photosynthetic electrons is, however,
ferredoxin-NADP™ -oxidoreductase (FNR). By utilizing targeted ferre-
doxin and FNR variants in a light-dependent competition assay,
electrons can be redirected to the hydrogenase yielding a five-fold
enhanced hydrogen evolution activity.

Introduction

Dihydrogen (H,) has the highest mass energy density of all known
fuel types and as it can be generated from and converted back into
water, it is one of the most attractive energy carriers to appease
both the world's climate and energy crisis."” The solar-driven bio-
H, production by microalgae like Chiamydomonas (C.) reinhardtii
complements chemical technologies for solar fuel generation.’
Upon sulfur or nitrogen depletion C. reinhardtii switches to
anaerobic growth conditions.** As a consequence of anaerobiosis,
the [FeFe|-hydrogenase HYDA1 is expressed.” It receives electrons
from photosystem I (PSI) via the plant-type photosynthetic electron
transport ferredoxin (PETF) for catalysing the reversible reduction
of protons to H,.*” Under normal growth conditions PETF provides
photosynthetic electrons for a variety of different metabolic path-
ways such as the assimilation of nitrate, sulfate and ammonia, as
well as the reductive regeneration of glutathione.” Most of its
electrons are, however, used for CO, fixation mediated by the
PETF-dependent ferredoxin-NADP -oxidoreductase (FNR) (Fig. 1).**

While [FeFe]-hydrogenases can achieve very high turnover
rates of up to 10" molecules H, per second in vitro,” H,
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Broader context

The most urgent challenge of our time is to replace the dwindling
resources of fossil fuels by sustainable non-polluting alternatives.
Hydrogen is a promising energy vector and can be utilized as a regener-
ative carrier of emission-free energy especially when produced photo-
biologically. Unicellular green algae like Chlamydomonas reinhardtii are
known to produce hydrogen light-dependently. Their highly efficient
[FeFe]-hydrogenase (HYDAL1) catalyzes the reversible reduction of protons
and electrons to dihydrogen. However, evolutionary and physiological
constraints severely restrict the hydrogen yield of algae. An important key
to achieve an economically viable biohydrogen production is the under-
standing and modulation of the photosynthetic electron flow via the
ferredoxin PETF to HYDA1 which is limited by its competition with
enzymes of other metabolic pathways. The most important alternative
electron transfer pathway results in NADPH production by the ferredoxin-
NADP'-oxidoreductase (FNR). Here, we were able to identify targets for
manipulating the commeon redox-partner binding site of PETF to selec-
tively shift the bias of PETF from FNR towards HYDA1. Indeed, genetic
modifications of the identified residues result in an enhanced light-driven
hydrogen production and might lead to the design of an economically
competitive hydrogen producing organism.

evolution is strongly limited in vive by the O, sensitivity of the
hydrogenase'® and the availability of reduced PETF." The latter
issue has been addressed in several studies demonstrating that
through down-regulation of competing processes the electron
flow of photosynthetic electrons can be redirected towards the
hydrogenase HYDA1 inducing enhanced H, photoproduc-
tion.*> ¥ Very recently it has been shown that a knock-down of
FNR expression in C. reinhardtii leads to a 2.5-fold higher H,
production activity under sulfur deprivation.” In another
drastic approach Yacoby et al. were able to increase H, photo-
production using a PETF/HYDAL1 fusion protein thus enforcing
the bias of PETF to switch from FNR to HYDA1.*"

However, for stable photosynthetic growth a certain level of
FNR activity has to be conserved and independent PETF is
mandatory to dissipate at least a minor fraction of electrons to
other essential redox pathways. In the long run a more subtle
approach will be favored to develop a healthy growing algal

This journal is © The Royal ety of Chemistry 2014
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Fig.1 Scheme showing competing electron transfer pathways in the
chloroplast of the microalga C. reinhardtii leading either to H, or
NADPH production. The surface presentation of PETF is shown with
the residues closer than 7 A to the [2Fe—2S|-cluster in dark grey. PETF
residues affected by HYDAI-binding are coloured red (cf. Fig. 3).
Residues D19 and D58 (see text) are in blue. H, production by HYDA1
requires anaerobic conditions (grey box). PSI and PSII, photosystems |
and |l, respectively; PQ, plastoquinone pocl; PC, plastocyanin; Cyt,
cytochrome.

strain with a strong but not self-destructive solitary focus on H,
production.

In the current study, we follow a new approach at the
molecular level aiming to reduce the PETF affinity for FNR
without affecting its interaction with HYDA1. Both interactions
are driven by Coulomb forces between conserved acidic PETF
residues near the [2Fe-2S]-cluster with corresponding basic
residues on HYDA1 and FNR. Many of the contact sites for the
PETE/FNR interaction have already been identified using
mutagenesis® and NMR-titration studies.”** The PETF/HYDA1
interaction has also been investigated based on mutagenesis
studies.” These investigations were, however, not specifically
aimed at a differentiation between the PETF/HYDA1 and PETF/
FNR contacts.

Results and discussion

To distinguish between contacts of PETF to HYDA1 and FNR, we
conducted parallel NMR titrations of '°*N-labeled PETF with
increasing amounts of HYDA1 or FNR and monitored the
magnitude of the chemical shift changes (Adyy) of the back-
bone amide resonances of PETF using "H-'’N-TROSY-HSQC
experiments (Fig. 2, see further details in the ESIT).**

In our study, the largest NMR chemical shift perturbations
upon complex formation with HYDA1 and FNR were observed
for the backbone amides of residues 23-28, 58-67 and 89-94
and, indeed, most identified PETF residues are involved in
complex formations with both proteins (Fig. 3).

In addition, these residues are similar to the FNR-binding
interfaces of highly homologous PETF molecules from other
species (Table S1 in the ESIT)*** and protrude to three direc-
tions from the [2Fe-2S]-cluster which is located close to one side
of the molecular surface of PETF.*® Overall, the observed
chemical shift perturbations are small suggesting multiple
orientations of the proteins in the complex, which have also

s © The Royal Society of Chemistry 2014
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been described for other electron transfer complexes like
myoglobin/cytochrome b (ref. 26), cytochrome c/cytochrome bs
(ref. 27) and superoxide reductase/rubredoxin.*® Importantly,
when comparing the chemical shift changes for PETF/HYDA1
and PETF/FNR the two aspartate residues D19 and D58 can be
identified as being only affected upon FNR-binding (Fig. 2 and
3). The other residues, that are only significantly affected when
FNR, but not when HYDA1 binds to PETF, are either not solvent
accessible (Val54, GIn56, and Thr87) or marginally affected in
reduced PETF (Tyr1, Tyr21, and Asp55) (for further details see
ESI, Fig. S1-S37). The chemical shift changes indicate D58 as a
part of the PETF-binding interface for FNR and as an immediate
neighbour of the PETF-binding interface for HYDA1 (Fig. 3).
Remarkably, D19 does not belong to the residues surrounding
the [2Fe-2S]-cluster (Fig. 1). A possible explanation for its
importance is provided by the X-ray structure of the homolo-
gous PETF/FNR complex from maize leaf.* In this structure, D19
is about 12 A away from the apparent N-terminal FNR residue,
however, this structure is 18 and 13 amino acids shorter at the
N-terminus compared to the native FNR of maize leaf and C.
reinhardtii, respectively. These missing N-terminal residues
might form an embracing loop with PETF and interact with D19
(Fig. S4 in the ESIY). The identification of D19 and D58 of PETF
as being solely important for the PETF/FNR and not for the
PETF/HYDA1 complex suggests the differentiation between
individual binding partners as a so far unknown function of the
negatively charged residues of plant-type ferredoxins.

To investigate the potential use of D19 and D58 of PETF for
improving bio-H, production their importance for differenti-
ating between FNR and HYDA1 was confirmed by mutagenesis
to alanine. The resulting three PETF variants (PETF-D19A,
-D58A and -D19A/D58A) were examined in a light-driven H,
production assay in the absence and presence of FNR for their
efficiency to donate electrons to HYDA1l. This assay is a
simplification of an earlier described reconstitution system® on
the basis of proflavine (PF) as a photosensitizer substituting PSL
The original upstream electron transfer compounds 2,6-
dichlorphenolindophenol and plastocyanin were omitted and
instead of ascorbate a low concentration of EDTA was used as a
sacrificial electron donor. To assess H, production by HYDA1 in
direct competition with NADPH-production by FNR, equimolar
concentrations of HYDA1 and FNR were used. The FNR co-
substrate NADP' was further included alongside with the
enzyme nitrate reductase (NAR) from Aspergillus niger® to
ensure a constant co-substrate recycling (Fig. 4).

In the absence of FNR, the measured light-dependent
HYDA1-activity remains almost unchanged for mutant-PETF
when compared to wild type (wt)-PETF (Fig. 5). However, in the
presence of FNR the H, production level of HYDA1 with wt-PETF
is diminished to only 7% (Fig. 5) due to the significantly lower
affinity of PETF for HYDA1 (21-35 pM)** than for FNR (2.6-6.6
uM).>* This HYDA1-activity is the control level of the competi-
tion assay, in which PETF-D19A exhibits about 1.5-fold and
PETF-D58A about 2.5-fold increased H, production (Fig. 5).
Importantly, H, production with PETF-D19A/D58A is 4-fold
increased indicating a synergistic enhancement of the single
effects (Fig. 5). These results confirm the role of the acidic PETF

Fnergy Frviron. Sci, 2014, 7, 3296-3301 | 3297

77



JOURNAL ARTICLES

Energy & Environmental Science

View Article Online

Communication

a b
HYDA1 : 82 80 78 82 80 78 FNR ’
105, ’v54 & 05
111 b
. =
1104
112
5
gns 113 019. Dm[.,"
=z
€ oo D58 “R-ia‘
0 120; P -
125 = [ Qf |
Q66 “Qss
121 .22 o2
K48 K48 _
130 5. .2 83 ®cs ‘
10 ] 8 91 89 87 91 89 87 0 3 )
'H (ppm) 'H (ppm) "H (ppm)

Fig.2 NMR-titration analysis of the interaction of PETF with HYDAL and FNR. Overlay of *H-**N TROSY-HSQC spectra of PETF with HYDAL (a)
and FNR (b) at ratios of 1 : O (red), 1: 1 (orange), 1: 5 (cyan), 1 : 10 (blue) and 1 : 15 (violet). Backbone amide signals for residues 35-45 and 73-76
were not observed in the NMR-spectra due to a distance of <7 A to the paramagnetic [2Fe-25]-cluster.

residue number

Fig. 3 NMR chemical shift perturbation of PETF upon complex
formation with HYDAL and FNR. Average backbone amide chemical
shift changes (Adyn) for free and bound PETF at a 15-fold excess of
HYDAL (bars) and FNR (black line) were calculated according to the
equation Adpw = [(Ady% + 0.2A64%)/2]%? and plotted versus the residue
number. The red bars indicate PETF residues with Adpy = 0.01 ppm
upon HYDA1-binding. A grey background highlights the PETF regions
known to bind to FNR (Table S1 in the ESI¥) which exhibit also the
largest chemical shift changes upon complex formation with HYDA1
and FNR.

residues D19 and D58 for distinguishing HYDA1 and FNR. The
high homology between plant-type [2Fe-2S]-ferredoxins from
different origins (Fig. S5 in the ESIt) further suggests a general
importance of residues D19 and D58 to direct electrons towards
FNR. Apart from that, PETF-D19A/D58A promises to be valuable
for the bioengineering of an efficient H, production pathway.
The profound shift of electron transfer away from FNR
towards HYDAL is even more pronounced when FNR variants
are used that exhibit a decreased PETF-dependent catalytic
efficiency.”* The two FNR variants which have been earlier
described to be affected either in the PETF affinity (FNR-K83L)
or in the PETF-dependent maximum reaction rate (FNR-K89L)
were assayed in comparison to wt-PETF (Fig. 5). FNR-K83L and

3298 | Energy Environ. Sci., 2014, 7, 3296-3301
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Fig. 4 Schematic illustration of the electron transfer pathway of the
light-dependent H; production assay to investigate the competition
between HYDAL and FNR for reduced PETF. PF = proflavin; NAR =
nitrate reductase; red = reduced; ox = oxidized.
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Fig.5 Rates of light-dependent H, production determined for HYDAL
with wt- or mutant-PETF in the absence (—FNR) and in the presence
of wt- or mutant-FNR (+FNR). The indicated 7% HYDA1l-activity in the
presence of FNR refers to 100% HYDAL-activity in the absence of FNR.
The error bars depict the standard deviation of 4 independent
measurements.

-K89L allow for H, production rates about 1.5- and more than
2.5-fold higher than the control level, resembling the effects of
PETF mutagenesis. Importantly, H, production is increased

This jounal is © The Royal Society of Chemistry 2014
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Fig. 6 PSl-dependent H, photoproduction rates of HYDAL with wt-
PETF and PETF-D19A/D58A in the absence (—FNR) and presence of
FNR (+FNR). The error bars depict the standard deviation of 3-4
independent measurements.

about 5-fold compared to the control level when performing the
assay with FNR-K89L and PETF-D19A/D58A (Fig. 5). This almost
additive effect demonstrates that the electron transfer hierarchy
can be most effectively shifted by addressing both, FNR and
PETF.

We also examined PETF-D19A/D58A in the light-dependent
H, production assay with PSI, which is the native electron donor
for PETF and hence mimics more closely the in vivo situation in
C. reinkardtii. In this PSI-dependent assay, light-driven H,
production is slightly decreased for PETF-D19A/D58A in the
absence of FNR (Fig. 6) indicating that at least one exchange
mildly affects the interaction with PSI. Nevertheless, the H,
production activity in the presence of FNR is increased about 3-
fold for PETF-D19A/D58A compared to wt-PETF (Fig. 6) repro-
ducing the result of the proflavin-dependent assay.

Our knowledge-based variant PETF-D19A/D58A may be used
in addition to or as part of a PETF/HYDA1 fusion protein as
published by Yacoby et al.*” to achieve the best H, production
capacities. Furthermore, an implementation of these modifi-
cations within a C. reinhardtii strain like Stmeé with about a 5-
fold higher H, evolution yield'® is a promising strategy to
increase the efficiency of microalgal H, production beyond the
5% light energy-to-H, conversion efficiency which is expected to
be required for commercial use.”

Conclusions

Conserved PETF aspartic acid residues D19 and D58 are crucial
for the differential recognition of FNR and HYDAL1 as an elec-
tron transfer binding partner. Mutation of these residues to
alanine suppresses FNR binding and redirects PETF electron
flow towards HydA1 thus enhancing in vive hydrogen produc-
tion. It can be anticipated that also in other metabolic pathways
highly conserved acidic ferredoxin residues are relevant for
molecular recognition of their binding partners. The effects of
PETF and FNR genetic modifications are additive, ie. the
interaction efficiency of PETF for FNR can be further reduced by
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employing the targeted FNR variants K83L and K89L in
combination with the PETF-D19A/D58A variant. This combined
metabolic engineering approach opens new avenues for the
design of H,-producing organisms with an increased photo-
fermentative H, production.

Materials and methods

Protein preparation

All FeS-cluster containing proteins were heterologously
expressed in Escherichia coli BL21(DE3)AiscR.** Recombinant
HYDA1 holoprotein and PETF from C. reinhardtii were
expressed and prepared as described earlier.** Site directed
exchanges were introduced following the QuikChange proce-
dure described for the site-directed mutagenesis kit from Stra-
tagene (Agilent Technologies). Introduced mutations were
confirmed by DNA sequencing (3130x Genetic Analyzer, Applied
Biosystems). The fiir ¢cDNA of C. reinhardtii was amplified
excluding the N-terminal sequence part that covers the chloro-
plast transit peptide** and cloned behind the Strep-tag II
sequence of the expression vector pASK-IBA7 (IBA GmbH,
Goettingen). FNR was expressed in E. coli BL21(DE3)pLysS using
lysogeny broth (LB) medium and purified analogously to PETF.
Protein purity was verified vie SDS-PAGE and Coomassie
staining (Fig. S6t).

Samples for NMR spectroscopy were expressed using E. coli
codon optimized genes of C. reinhardtii PETF and HYDA1
inserted into pET21b. The expression plasmid for PETF con-
tained a C-terminal TEV cleavage site preceded by a Strep-tag II
and the expression plasmid for HYDA1 contained an N-terminal
TEV cleavage site followed by a Strep-tag IL. To prepare '°N- and
13C/PN-labeled samples, E. coli cells were grown in M9-based
minimal medium containing **NH,CI and/or **Cs-glucose. For
purification, following affinity chromatography, the protein was
incubated with TEV protease at a ratio of 1 : 1 (w/w) overnight at
room temperature to remove the Strep-tag. The plasmid for
expressing TEV protease was a gift of the Arrowsmith laboratory.
The His6-tagged TEV protease was removed with Talon beads
(Clontech) and PETF was further purified by gel filtration using
a Superdex 75 16/60 (GE Healthcare). Recombinant apo-HYDA1
was activated by addition of [Fe,(CO)4(CN),[(SCH,),NH]*".

NMR spectroscopy

NMR samples contained 0.1-1 mM PETF in 50 mM potassium
phosphate pH 6.8, 50 mM NaCl and 10% D,0O (v/v). All NMR
experiments were performed at 298 K on a Bruker AVANCE 600
spectrometer equipped with a cryogenic probehead. The 3D
spectra employed a non-uniform sampling scheme in the
indirect dimension and were reconstructed by the multi-
dimensional decomposition software MDDNMR?* interfaced
with the MDDGUI¥” and NMRPipe/NMRDraw.** Backbone
assignments were obtained using standard triple resonance
experiments.* All spectra were analyzed using Sparky (T. D.
Goddard and D. G. Kneller, University of California, San
Francisco).
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NMR titration experiments

PETF complex formation with HYDA1 and FNR was monitored
by carrying out a series of 2D "H-'"N-TROSY-HSQC experiments
of a 100 uM **N-labeled PETF solution with a binding partner at
amolarratioof1:0,1:1,1:2,1:5,1:10and 1 : 15. Weighted
averages of the 'H and N backbone chemical shift changes of
a particular residue were calculated according to the equation
Adyn = [(Ady® + 0.2A64%)/2]"2

Measurement of light-driven hydrogen production and
competition assay

To determine the light-driven H, production, 50 nM HYDA1 was
combined with wild type (wt) or mutant forms of 20 uM PETF.
The total volume of 200 pl contained 40 mM EDTA as a sacri-
ficial electron donor and 200 puM proflavine (acridine-3,6-
diamine) as a photosensitizer in 100 mM potassium phosphate
pH 6.8, supplemented with 1 mM sodium dithionite and 3 mM
NaNO;.

To determine the H, production efficiency of HYDA1 under
competitive conditions, 50 nM FNR and 2 mM NADP" were
added. For stabilizing the level of NADP' and thus the
competitive efficiency of the FNR during the H, production
period, 0.36 U of nitrate reductase (NAR) from Aspergillus niger
(Sigma-Aldrich) was further included. Compound concentra-
tions were adjusted for optimal H, production efficiency
(Fig. S77).

PSI-dependent H, photoproduction was measured as
described earlier.*® The assay comprised 5 mM sodium ascor-
bate, 0.6 mM DCPIP (2,6-dichlorphenol-indophenol), 30 pM
plastocyanin, 20 pM PETF, 50 nM HYDAL1 in 20 mM Tris pH 7.4,
20 mM MgCl,, 0.03% B-DM, 1 mM sodium dithionite and 3 mM
NaNO;. PSI was added corresponding to the amount of 5 pg
chlorophyll (Chl). For determining the PSI-dependent HYDA1-
activity under competitive conditions 50 nM FNR, 2 mM NADP"
and 0.036 U NAR were added.

All reaction samples were prepared under anoxic conditions
in 2 ml Eppendorf tubes and sealed with Suba-Seal stoppers (size
13, Sigma-Aldrich). After sparging the reaction mixture with
argon for 5 min, the reaction tubes were light-exposed (1200 pmol
photons m™? s™") under constant shaking at 37 °C. H, produc-
tion was determined after 30 min by analyzing 400 ul of the head-
space via gas chromatography (GC-2010, Shimadzu).
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4.2.2 Supporting information

Enhancing hydrogen production of microalgae by redirecting electrons from

photosystem I to hydrogenase

Sigrun Rumpel, Judith F. Siebel, Christophe Fares, Jifu Duan, Edward Reijerse, Thomas
Happe, Wolfgang Lubitz, Martin Winkler

Abbreviations
PETF’*: oxidized PETF

PETF"%; reduced PETF

S1 Materials and Methods

Protein preparation

All  FeS-cluster containing proteins were heterologously expressed in E. coli
BL21(DE3)AiscR. ' Recombinant HYDA1 holoprotein and PETF from C. reinhardtii were
expressed and prepared as described earlier.”” Site directed exchanges were introduced
following the QuikChange procedure described for the site-directed mutagenesis kit from
Stratagene (Agilent Technologies). Introduced mutations were confirmed by DNA sequencing
(3130x Genetic Analyzer, Applied Biosystems). The fnr cDNA of C. reinhardtii was
amplified excluding the N-terminal sequence part that covers the chloroplast transit peptide*
and cloned behind the Strep-tag II sequence of expression vector pASK-IBA7 (IBA GmbH,
Goettingen). FNR was expressed in E. coli BL21(DE3)pLysS using lysogeny broth (LB)
medium and purified analogously to PETF. Protein purity was verified via SDS-PAGE and
Coomassie staining (Fig. S6).

Samples for NMR spectroscopy were expressed using E. coli codon optimized genes of
C. reinhardtii PETF and HYDAI inserted into pET21b. The expression plasmid for PETF
contained a C-terminal TEV cleavage site preceded by a Strep-tag Il and the expression
plasmid for HYDA1 contained a N-terminal TEV cleavage site followed by a Strep-tag II. To
prepare °N- and ">C/"’N-labeled samples, E. coli cells were grown in M9-based minimal

medium containing '"NH4Cl and/or "“Cg-glucose. For purification, following affinity
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chromatography, the protein was incubated with TEV protease at a ratio of 1:1 (w/w)
overnight at room temperature to remove the Strep-tag. The plasmid for expressing TEV
protease was a gift of the Arrowsmith lab. The Hise-tagged TEV protease was removed with
Talon beads (Clontech) and PETF was further purified by gel filtration using a Superdex 75
16/60 (GE Healthcare). Recombinant apo-HYDA1 was activated by adding of
[Fex(CO)4(CN)[(SCH2):NH]]™

NMR spectroscopy

NMR samples contained 0.1-1 mM PETF in 50 mM potassium phosphate pH 6.8, 50 mM
NaCl and 10% D,O (v/v). All NMR experiments were acquired at 298 K on a Bruker
AVANCE 600 spectrometer equipped with a cryogenic probehead. The 3D spectra employed
a non-uniform sampling scheme in the indirect dimension und were reconstructed by the
multi-dimensional decomposition software MDDNMR?® interfaced with the MDDGUI® and
NMRPipe/NMRDraw.’ Backbone assignments were obtained using standard triple resonance
experiments.® All spectra were analyzed using Sparky (T. D. Goddard and D. G. Kneller,

University of California, San Francisco).

NMR titration experiments

PETF complex formation with HYDA1 and FNR was monitored by recording a series of 2D
'H-""N-TROSY-HSQC experiments of a 100 uM °N-labeled PETF solution with binding
partner at a molar ratio of 1:0, 1:1, 1:2, 1:5, 1:10 and 1:15. Weighted averages of the 'H and
>N backbone chemical shift changes of a particular residue were calculated according to the

equation Adun = [(Ady + 0.2A8x%)/2]".

Measurement of light-driven hydrogen production and competition assay

To determine the light-driven H, production, 50 nM HYDA1 was combined with wild type
(wt) or mutant forms of 20 pM PETF. The total volume of 200 pl contained 40 mM EDTA
(ethylenediaminetetraacetic acid) as sacrificial electron donor and 200 pM proflavine
(acridine-3,6-diamine) as a photosensitizer in 100 mM potassium phosphate pH 6.8,
supplemented with 1 mM sodium dithionite and 3 mM NaNOs.

To determine the H,-production efficiency of HYDA1 under competitive conditions, 50 nM
FNR and 2 mM NADP' were added. For stabilizing the level of NADP" and thus the
competitive efficiency of the FNR during the H,-production period, 0.36 U of nitrate
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reductase from Aspergillus niger (Sigma-Aldrich) was further included. Compound
concentrations were adjusted for optimal H,-production efficiency (Fig. S7).

PSI-dependent H,-photoproduction was measured as described earlier.” The assay comprised
5SmM sodium ascorbate, 0.6 mM DCPIP (2,6-Dichlorphenol-indophenol), 30 uM
plastocyanin, 20 uM PETF, 50 nM HYDATI1 in 20 mM Tris pH 7.4, 20 mM MgCl,, 0.03%
B3-DM, 1 mM sodium dithionite and 3 mM NaNO;. PSI was added corresponding to the
amount of 5 pg chlorophyll (Chl). For determining the PSI-dependent HY DA 1-activity under
competitive conditions 50 nM FNR, 2 mM NADP" and 0.036 U nitrate reductase were added.
All reaction samples were prepared under anoxic conditions in 2 ml Eppendorf tubes and
sealed with Suba-Seal stoppers (size 13, Sigma-Aldrich). After sparging the reaction mixture
with argon for 5 min, the reaction tubes were light-exposed (1200 pmol photons m 2 s')
under constant shaking at 37 °C. H,-production was determined after 30 min by analyzing

400 pl of the head-space via gas chromatography (GC-2010, Shimadzu).

S2 Identification of PetF-residues involved in complex formation with
HydA1l

Titration experiments were performed with both PETF™ and PETF™ as well as fully active
HYDAI1 and apo-HYDAI1 containing only the [4Fe-4S]-part of the H-cluster (Fig. 1 in the

red with active

main text and Figs. S1-S3).>’ Since, not unexpectedly, the titration of PETF
HYDAI1 was virtually identical to that of apo-HYDA1 (Fig. S1), only the apo-HYDA1 results
are discussed in the main text. Both PETF™ and PETF™ titrations with HYDA1 and FNR
confirmed the previously identified binding surfaces (Table S1). Interestingly, Adyn for
PETF™ were increased about 4-fold compared to PETF*™ and almost unchanged at a 3-times
lower excess of HYDA1 (Fig. 1 in the main text and Fig. S2b) indicating a higher affinity of
PETF™ than PETF™ for HYDAI1. For PETF™, the additionally significant ASyy for residues
47-49, 71 and 78 are probably secondary effects due to a conformational change in the
neighboring regions (35-45 and 73-76) that coordinate the [2Fe-2S]-cluster. This
conformational change is most likely related to electron transfer from PETF™ to HYDAI.
Surprisingly, the larger difference in the observed Adyy for D19 and D58 is more pronounced

for PETF™ than for PETF™® although PETF™ forms the reactive electron transfer complex
(Fig. S3).
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Table S1. Summary of the largest chemical shift perturbations of PETF upon FNR and
HYDATI addition and shortest intermolecular distance for the PETF/FNR complex structure
1GAQ. PETF residues identified as important for protein binding are labeled by gray
background.

PETF PETF/FNR complex®

Adux (ppm) upon . Aduy (ppm) upon residue(s) clospst to the | minimum distance

HYDA I -binding residue FNR-binding PETF residue (A)
0.003 D19 0.055 E19° 11.9
0.004 Y21 0.025 K153 5.4
0.007 L23° 0.016 E154 6.1
0.014 D24° 0.014 El154 6.5
0.009 A25" 0.019 K301 6.9
0.013 E27° 0.01 K301, K304 3.4,3.1
0.009 E28° 0.013 K301, R305 1.7,3.8
0.005 A29" 0.008 K301 3.8
0.001 G301 0.014 K301, F297 42,5
0.007 L31 0.01 K301 6.3
0.005 D32 0.011 F297 3.8
0.006 V54 0.014 K35 13.8
0.005 D55 0.019 K33 10.4
0.002 Q56 0.025 K33 7.2
0.003 S57" 0.007 K33 4.5
0.006 D58>"° 0.042 N30, K33, K153 3.1,3.4,4.9
0.012 Q59" 0.015 K35, K33 2.8,3.8

disappeared S60° disappeared N30, K33, P34 2.5,32,2.3
disappeared F61° disappeared V92 2.2

0.034 L62'0M! 0.034 K91, K35 43,49
0.013 D63>" 0.02 K91 2
0.02 D64 0.017 K88 2.6
0.021 A65" 0.017 K88 5.1
0.03 Q66 0.018 K91 2.9
0.006 Y78 0.015 K153 8.3
0.006 HS88® 0.011 K275 7.8
0.01 Q89° 0.01 K275 10.2
0.02 E90° 0.011 K88, K91 72,72
0.004 E91° 0.007 K88 7.2
0.005 A92 0.027 R93, Y120 7.6,7.2
0.062 L93 0.046 K85 49
0.04 Y9401 0.041 N86 5.8

*based on the X-ray structure for the PETF/FNR complex from maize leaf (1GAQ).
°E19 is the N-terminal residue of FNR in 1GAQ. 18 N-terminal residues are missing in the X-ray structure.
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Figure S1. (a,b) Overlay of 'H-">’N TROSY-HSQC spectra of PETF™ with binding partner at ratios of 1:0 (red),
1:1 (orange) and 1:5 (cyan) shown for PETF::apo-HYDAI (a) and PETF™; active HYDAI (b). (¢) Weighted
averages of the "H and '°N backbone chemical shift changes plotted versus the residue number at a 5-fold excess
of apo-HYDAL (blue line) and active HYDAI (magenta bars) upon binding to PETF™.
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Figure S2. (a) Overlay of 'H-"N TROSY-HSQC spectra of "*N-labeled PETF™ in the absence (red) and

presence (blue) of HYDAI at a 1:1 molar ratio. (b) Amide backbone chemical shift changes of PETF®* an

d

PETF™ upon HYDA1-binding. Weighted averages of the 'H and "*N backbone chemical shift changes plotted
versus the residue number at a 15-fold excess of HYDAI1 for PETF* (bars) and a 5-fold excess of HYDAI for

PETF™ (blue line). The coloured bars correspond to Fig. 3.
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Figure S3. Differences between HYDA1- and FNR-binding to PETF™ and PETF*. Weighted averages of
the amide backbone 'H and "N chemical shift changes (A8uy) upon protein binding are plotted versus the
residue number for PETF™! (a,¢) and for PETF™ (b,d). (a,b) Chemical shift changes between free and bound
PETF are calculated for a 5- and 15-fold excess of binding partner, respectively. Bars indicating the results for
HYDAI are colored blue and green lines indicate results obtained with FNR. (¢,d) Differences of the average
chemical shift changes for FNR- and HYDAI1-binding were determined as Adyn(HYDAI1)-Adyn(FNR) and
residues with larger chemical shift changes for HYDA1 are shown as blue bars and as green bars for FNR.
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Figure S4. Schematic representation of the PETF/HYDAL (a) and the PETF/FNR complex (b).
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D19 D58
PETFCr YKVTL--KTPSGDKTIECPARTYILDAAEEAGLDLPYSCRAGACSSCAGKVAAGTVDQSPBOSFLDDAQMGNGFVLTCVAYPTSDCTIQTHQEEALY—
FDX Ve YKVTF--KTPSGDKVVEVAD®VYLLDAAEEAGMDLPYSCRAGACSSCAGKIVSGTVDQSMOSFLDDKOMEAGEFVLTCVAYATSDLVILTNQEEGLY -
FDX Cf YKVTIL--KTPSGEETIECPEWTYILDAAEEAGLDLPYSCRAGACSSCAGKVESGEVDQSINOSFLDDAQMGKGFVLTCVAYPTSDVTILTHQEAALY -
FDX Ds YMVTL--KTPSGEQKVEVSHYSYILDAAEEAGVDLPYSCRAGSCSSCAGKVESGTVDQSIBOSFLDDDOMDSGFVLTCVAYATSDCTIVTHQEENLY -
FDX At YKVKFI--TPEGEQEVECEHWMVYVLDAAEEAGLDLPYSCRAGSCSSCAGKVVSGSIDQSNOSFLDDEQMSEGYVLTCVAYPTSDVVIETHKEEAIM-
FDX Zm YNVKLI--TPEGEVELQVPDBVYILDQAEEDGIDLPYSCRAGSCSSCAGKVVSGSVDQSIMOSYLDDGQIADGWVLTCHAYPTSDVVIETHKEEELTGA
FDX Ps YKVKLV--TPDGTQEFECPSIVYILDHAEEVGIDLPYSCRAGSCSSCAGKVVGGEVDQSIGSFLDDEQIEAGFVLTCVAYPTSDVVIETHKEEDLTA-
FDX S YTVKLI--TPDGESSIECSDETYILDAAEEAGLDLPYSCRAGACSTCAGKITAGSVDQSINOSFLDDDQIEAGYVLTCVAYPTSDCTIETHKEEDLY -
FDX N FKVTLINEAEGTKHEIEVPDSEYILDAAEEQGYDLPFSCRAGACSTCAGKLVSGTVDQOSINOSFLDDDQIEAGYVLTCVAYPTSDVVIQTHKEEDLY -
FDX Te YKVTLV-RPDGSETTIDVPEBNEYILDVAEEQGLDLPFSCRAGACSTCAGKLLEGEVDQSIMOSFLDDDQIEKGFVLTCVAYPRSDCKILTNQEEELY-—

Figure S5. Sequence alignment of different plant-type ferredoxins. PETF sequences of different
photosynthetic organisms are compared comprising representative species from algae, higher plants and
cyanobacteria. N-terminal sequences parts have been trimmed in reference to the sequence homology to mature
PETFCr excluding the chloroplast transit peptide. Positions D19 and D58 of PETFCr which promote selective
recognition of FNR are indicated by a red background color. A yellow background marks cysteine residues that
participate in the ligation of the [2Fe-2S]-cluster. Other parts with strict sequence conservation are indicated by a
gray background color. PETFCr: ferredoxin 1 of C. reinhardtii (protein ID: XP 001692808), FDX Vc:
ferredoxin I of Volvox carteri f. nagariensis (protein ID: XP_002958725), FDX Cf: Ferredoxin of Chlorella
fusca (protein ID: P56408), FDX Ds: ferredoxin I of Dunaliella salina (protein ID: P00239), FDX A¢: ferredoxin
I of Arabidopsis thaliana (protein ID: NP _172565), FDX Zm: ferredoxin 1 of Zea mays (protein ID:
NP _001105345), FDX Ps: ferredoxin 1 of Pisum sativum (protein ID: P09911), FDX S: ferredoxin I of
Synecocystis sp. PCC 6803 (protein ID: NP_442127), FDX N: ferredoxin I of Nostoc sp. PCC 7120 (protein ID:
NP_488188), FDX Te : ferredoxin I of Thermosynechococcus elongatus BP-1 (protein ID: NP_681799).
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“ -25kDa
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Figure S6. Analysis of purified proteins by SDS-PAGE visualized by Coomassie staining. 1: 30 ug
HYDAI; 2: 25 pg FNR-wt; 3: 25 pg FNR-K83L; 4: 25 pg FNR-K89L; 5: 7 pg PETF-wt; 6: 7 pg PETF-D58A;
7:7 ug PETF-D19A/D58A; 8: 5 ug PETF-D19A.
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Figure S7. Adjustment of compound concentrations of the proflavine dependent in vitro assay for light
driven H,-production. Test series with increasing concentrations of EDTA, PF and PETF were screened for the
highest yield of photoproduced H,. The indicated concentrations (red framed bars) were chosen as standard
system parameters for all PF-dependent measurements.
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Structural Insight into the Complex of Ferredoxin and
[FeFe] Hydrogenase from Chlamydomonas reinhardtii

Sigrun Rumpel,*@ Judith F. Siebel,’” Mamou Diallo,” Christophe Farés,”” Edward J. Reijerse,?

and Wolfgang Lubitz*?

The transfer of photosynthetic electrons by the ferredoxin PetF
to the [FeFe] hydrogenase HydA1 in the microalga Chlamydo-
monas reinhardtii is a key step in hydrogen production. Elec-
tron delivery requires a specific interaction between PetF and
HydA1. However, because of the transient nature of the elec-
tron-transfer complex, a crystal structure remains elusive.
Therefore, we performed protein—protein docking based on

Introduction

Protein—protein interactions are fundamental to all biological
processes and result in static or transient complexes. In order
to allow a high turnover rate, the protein complexes involved
in electron transfer (ET) reactions are typically highly specific
and short-lived."” The initial encounter of the complex is domi-
nated by electrostatic interactions, and the complex is subse-
quently stabilized by hydrophobic contacts to produce the
highly specific and productive ET complex.”

The ET complex formation between the photosynthetic elec-
tron transfer ferredoxin (PetF) and the hydrogenase HydA1
from the microalga Chlamydomonas reinhardtii is an important
step in the mechanism of biological hydrogen production. It is
of particular interest as the use of solar energy to photosyn-
thetically generate electrons for hydrogen production by direct
proton reduction is unique to microalgae.”’ PetF transfers elec-
trons from photosystem | to HydA1, and HydA1 catalyzes the
reversible reaction of protons and electrons to hydrogen. Be-
cause of the transient character of the PetF/HydA1 complex,
its structural characterization by diffraction methods remains
elusive. However, the interaction between PetF and hydroge-
nase has been modeled in silico based on homology models
of the free proteins.” These studies highlight the dominant
electrostatic contributions to the interaction, which are of

[a] Dr. S. Rumpel, J. F. Siebel, M. Diallo, Dr. E. J. Reijerse, Prof. W. Lubitz
Department for Biophysical Chemistry
Max-Planck-Institut fir Chemische Energiekonversion
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new experimental data from a solution NMR spectroscopy
investigation of native and gallium-substituted PetF. This pro-
vides valuable information about residues crucial for complex
formation and electron transfer. The derived complex model
might help to pinpoint residue substitution targets for im-
proved hydrogen production.

central importance for the formation of an initial encounter
complex.™

PetF is a member of the family of plant-type ferredoxins,
which contain a [2Fe-2S5] cluster and have molecular weights
of about 10 kDa. This family is characterized by a low redox
potential, high acidity, and high sequence similarity.”’ The two
irons are tetrahedrally coordinated and antiferromagnetically
coupled. In the oxidized state, both irons are Fe". Upon one-
electron uptake, the iron close to the protein surface is re-
duced, thereby resulting in a mixed valence Fe'/Fe" state®
The three dimensional solution and crystal structures of plant-
type ferredoxins from several organisms have been solved,”
but the experimental 3D structure of PetF from C. reinhardtii is
unknown. Plant-type ferredoxins are of central importance as
they form an ET complex with many proteins to deliver the
photosynthetically derived electrons to various metabolic path-
ways.”)

HydA1 belongs to the family of [FeFe] hydrogenases. These
enzymes are outstanding catalysts for hydrogen evolution
because of their low overpotentials and high turnover rates of
up to 10* s~ Their active site is referred to as the “H-cluster”
and contains a [4Fe-4S] cluster, which is linked by a bridging
thiolate of a coordinating cysteine to a unique [FeFe] subclus-
ter. It is assumed to be the catalytically active center. The crys-
tal structure of unmaturated HydA1 containing only the [4Fe-
45] cluster has been reported.”” The HydA1 surface that covers
the entrance to the invaginated H-cluster binding site is
framed by 14 basic amino acids, which are highly conserved."”
Among these residues, R56, K139, K356, K357, K393, and R187
play a role in the complex formation with PetF, as demonstrat-
ed by site-directed mutagenesis studies.”>'! These positively
charged side chains can be initially recognized by several neg-
atively charged residues of PetF.

For PetF from different organisms, the binding interface
with nitrite reductase,'? ferredoxin NADP* oxidoreductase

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

94



JOURNAL ARTICLES

{®«ChemPubSoc
Bt Europe

(FNR)," and ferredoxin thioredoxin reductase™ has been
identified by NMR-titration experiments. Our recent NMR study
identified the binding interface of PetF with HydA1l from
C. reinhardtii"® Apart from the study of the interaction with
ferredoxin thioredoxin reductase, none of these NMR spec-
troscopic investigations provided information about the impor-
tant residues coordinating and surrounding the [2Fe-25] clus-
ter. Because of the proximity of these residues to the cluster,
their nuclear spins relax quickly, and their NMR signals become
broad or undetectable, This paramagnetic relaxation enhance-
ment (PRE) can be avoided by substitution of the paramagnet-
ic iron with diamagnetic gallium(ll)."®!

Here, we report the solution NMR structure of oxidized PetF
from C. reinhardtii as well as the entire binding interface of its
Ga-substituted analogue with HydA1. These data were used to
construct the first model of the PetF/HydA1 complex based on
experimental structures of the free proteins and experimental
restraints defining the complex interface.

Results and Discussion
Solution structure and dynamics of PetF

The solution NMR structure of the oxidized ferredoxin PetF
from C. reinhardtii (Figure 1), subsequently used in the model
complex structure with HydA1, was solved based on 1716
inter-proton distances and 148 dihedral angle restraints
(Table S1 in the Supporting Information). To avoid mistakes
during the initial stages of the network anchoring of the struc-
ture calculation, the X-ray coordinates of the homologous fer-
redoxin from the related algal species Chlorella fusca (PDB ID:
1AWD) with 89% sequence identity (Figure S1) have been
used as a starting structure and were combined with manually
assigned medium- and long-range distances from “N- and C-
edited NOEs. Thereby, convergence was ensured in the ab-
sence of distance restraints for residues 35-46 and 73-76, in-

Figure 1. Solution NMR structure of residues 1 to 94 of oxidized PetF from
C. reinhardtii. Ensemble of 15 lowest-energy solution-NMR structures after re-
finement in explicit solvent. The f-strands and a-helices are shown in blue
and red, respectively. The [2Fe-25] cluster is displayed as spheres. Fe is col-
ored orange and S as well as the [2Fe-25] cluster-ligating cysteines are col-
ored yellow.
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cluding all cysteines coordinating the [2Fe-25] cluster. These
16 residues are less than 7 A away from the two paramagnetic
Fe" ions in the low-temperature diamagnetic iron-sulfur clus-
ter, and are thus invisible in the NMR spectra due to PRE.

PetF is composed of three a-helices and seven f3-strands
(Figures 1 and S3), and the structural characteristics have been
described in detail elsewhere."” The root-mean-square devia-
tion (RMSD) values within the ensemble of NMR structures and
to the X-ray structure (PDB ID: 1AWD) and an analysis of the
flexible regions by backbone amide heteronuclear NOEs are
presented in Figures S2 and S3.

Gallium-substituted PetF

In order to detect all PetF residues by NMR spectroscopy,
including those in the vicinity of the [2Fe-25] cluster, the co-
factor was removed, and the protein was reconstituted in the
presence of Na,S and Ga(NO,); (Figure S4). Successful refolding
of the resulting Ga"-substituted PetF (Ga-PetF) was confirmed
by comparison of the N,'H HSQC spectra of native and Ga-
PetF (Figure 2).

Both spectra are well dispersed, with backbone proton reso-
nances between 6 and 11 ppm, indicative of a well-folded
protein. Also, most of the resonances observed for PetF and
Ga-PetF match very well, thus confirming that the secondary
structure and overall protein fold are conserved upon Ga sub-
stitution (Figure 2). Because of the strong paramagnetic effect
of the Fe" ions in the iron-sulfur cluster of PetF, residues 35-46
and 73-76 were not assigned and S60 as well as F61 could
only be detected in some NMR spectra. In Ga-PetF, all these 18
residues can be readily observed, as they are now in the vicini-

ty of the diamagnetic Ga".
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Figure 2. Overlay of the "N,"H HSQC spectra of native, oxidized PetF (black)
and Ga-PetF (gray). Assignments of the peaks observed only for the Ga"-sub-
stituted protein are indicated. Figure S5 displays the same overlay with the
signals of Ga-PetF colored red.

© 0000 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

95



JOURNAL ARTICLES

®~«ChemPubSoc
s Europe

H
et

For complete assignment of the 'H and "N backbone amide
resonances of Ga-PetF, a 3D N,'H NOESY-HSQC was used. In
this spectrum, all sequential NOE connectivities and almost all
expected long-range NOEs based on the 3D structure of PetF
are present. Based on this single experiment, the unambiguous
assignment of all new resonances and confirmation of all "old”
'H and "N amide backbone resonances was accomplished.
The newly revealed peaks are labeled with residue letters and
numbers in Figure 2.

Complete interaction interface of PetF with HydA1

Recently, the binding interface of PetF with HydA1 was investi-
gated. Residues 23-28 of helix a1, 58-67 of helix a2 and the
preceding loop, as well as 89-94 of the C-terminal helix were
identified as involved in complex formation. These three re-
gions surround the residues coordinating the [2Fe-25] cluster
on the surface of PetF (Figure 3 B). Furthermore, they coincide
with flexible regions 1, Ill, and 1V, identified by steady-state het-
eronuclear "°N,"H NOE values (Figure S3), thus supporting the
proposed importance of the flexible regions of PetF for pro-
moting specific protein-protein interactions."®

Upon stepwise addition of HydA1 to N-labeled Ga-PetF,
chemical-shift changes for all backbone amide 'H and "N reso-
nances (Ad,,) are observed. The changes for the detectable

A) = = X%

0o0 WD DD &

] 1] V|

o
i

Adyy / ppm —-

residue number —- [ TN

0.01 0.02 0.03

B) C) D)
%

Figure 3. A) Weighted averages of backbone amide chemical-shift changes
plotted against the residue number for '°N Ga-PetF with a tenfold excess of
HydA1 (bars). Black triangles indicate the corresponding chemical-shift per-
turbations for PetF at a tenfold excess of HydA1 containing only the [4 Fe-
45] cluster. B) Surface representation of the 3D mean structure of PetF (ro-
tated by —45° about the x-axis relative to Figure 1). Undetected residues

in proximity to the [2Fe-25] cluster are shown in green; chemical-shift
changes upon HydA1 titration are colored according to A). C) As B) but for
Ga-PetF, for which no paramagnetic effect is present. D) As C) but y-rotated
by 90°.
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resonances in the native PetF are identical within the experi-
mental error (triangles in Figure 3 A). For the newly observed
residues 35-46 forming the long iron-sulfur cluster coordinat-
ing loop, the chemical-shift perturbations upon HydA1 binding
were largest with a maximum Ad,, value of 0.16 ppm detect-
ed for C37. In contrast, the chemical shifts of residues 73-76
constituting the short iron-sulfur cluster-coordinating loop
only detected for Ga-PetF are not affected. Residues S60 and
F61 in the middle of regionlll are significantly shifted and
even disappear in the °N,"H HSQC spectra of PetF in the pres-
ence of excess HydA1. This disappearance can be attributed to
line broadening as a result of the decreased relaxation time of
HydA1-bound PetF compared to free PetF, and intermolecular
paramagnetic effects originating from the [4Fe-4S] cluster of
HydA1. In principle, these intermolecular paramagnetic effects,
which include pseudo contact shifts and PRE, can be used to
provide additional restraints for modeling protein—-protein
complexes."” However, a completely diamagnetic analogue of
the PetF/HydA1 complex for the reference spectrum is unfortu-
nately not available. Moreover, the electron spin density
cannot be localized at one position due to the presence of sev-
eral antiferromagnetically coupled irons."” Therefore, determi-
nation of reliable intermolecular distance restraints caused by
paramagnetic effects originating from the intrinsic iron-sulfur
clusters of the PetF/HydA1 complex would be at best very
challenging.

Overall, the chemical-shift perturbations for PetF upon
HydA1-binding are small (Figure 3A), because of the high
degree of dynamics in the complex thus leading to averaging
of the shifts. This has been observed for several other ET com-
plexes, where smaller chemical-shift perturbations correlate
with larger populations of the encounter complex compared
to the specific complex."

HADDOCK model of the PetF/HydA1 complex

In order to reveal the pattern of possible intermolecular con-
tacts responsible for PetF/HydA1 complex formation, we gen-
erated a model structure of the PetF/HydA1 complex with the
software HADDOCK.”?® The docking was guided by data from
the chemical-shift perturbations and site-directed mutagenesis
studies (Table S2). The solution NMR structure of oxidized PetF
reported here and the X-ray structure of unmaturated HydA1
(which contains only the [4Fe-4S] cluster) were used as start-
ing structures” Conformational differences between this un-
maturated HydA1 and active HydA1 with the complete H-clus-
ter are expected to be negligible for the residues involved in
PetF binding. This assumption is supported by the small inter-
face RMSD of 1 A (residues 131-190 and 350-394) between
unmaturated HydA1 and the homologous [FeFe] hydrogenase
Cpl containing the intact H-cluster.””

The preferred model for the specific PetF/HydA1 complex
was selected from the four lowest-energy structures of the
best HADDOCK cluster (Figure 4C and S6 and Table S3), based
on the smallest distance between the reducible Fe of PetF®
and the closest Fe of HydA1 (Figure 4A). At 11.1 A, this dis-
tance is well below the maximum distance for efficient ET*?
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Figure 4. Best HADDOCK model of the PetF/HydA1 complex structure.
HydA1 (cyan) contains only the [4 Fe-45] cluster; PetF is shown in gray. Side
chains of residues defined as ambiguous interface restraints for protein-pro-
tein docking are shown in blue for HydA1 and are colored as in Figure 3 for
PetF. The Fe-5 clusters are displayed as spheres (Fe orange, S yellow). The
orientation of the complex is: A) as in Figure 1, B) rotated 30" about the y-
axis, C) rotated 90° about the y-axis and —10 about the x-axis. C) Centers
of mass of PetF from each HADDOCK cluster (black spheres) superimposed
onto the ribbon representation of HydA1. The centers of mass were calcu-
lated for the four best structures of each cluster (cluster numbering in
column 1 of Table S3).
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and fits very well with the distance between all Fe—S clusters
in [FeFe] hydrogenases (~11 A).®

The docking solutions found in HADDOCK clusters 1-12 (Fig-
ure 56 and Table S3) represent multiple orientations of PetF
and HydA1 in a dynamic complex (Figure 4 C). These conforma-
tions are reflected qualitatively by the small chemical-shift
changes (Figure 3 A) that result from averaging over all orienta-
tions. All HADDOCK clusters might contribute to different ex-
tents to the encounter state and to efficient ET. Corresponding-
ly, the shortest intermolecular Fe-Fe distance among the best
four structures of all HADDOCK clusters is 9.3 A, which is found
for a complex of cluster 7.

PetF helix a1 was chosen to compare the orientation of
PetF and HydA1 in the model to that in the model of Winkler
et al."® When HydA1 in the previous model complex is super-
imposed onto HydA1 of the newly proposed complex struc-
ture, this helix is rotated by about 32°. The important HydA1
interface residue R187"" forms several possible H-bond and
salt-bridge contacts with PetF in our model. In the complex of
Winkler etal., the shortest distance from R187 to PetF is
8.5 A The most important intermolecular interactions in our
PetF/HydA1 model are summarized in Table 1 and are dis-
cussed below.

Table 1. Summary of PetF and HydA1 residues in the PetF/HydA1 com-
plex structure with a distance less than 3 A to the interaction partner.?!
PetF residue HydA1 residue Interaction
D24, E28 (1) K393 SC—SC
E27 (9) K393 SC—SC
D32 (g) R389 SC—SC
c371(n P378 sc—bb
A39 (o) K357 bb—sc
G40 (y) G351, L352,L352 bb—bb
A41 (y) G351, 1352, L352 bb—bb
A41 (y) P378 bb—sc
c42(n A376 sc—bb
C42 (r) P378 sC—sC
D58 (g) K357 SC—sC
Q59 (o) K356 bb—sc, sc—sc
Q59 (o) G353 bb—bb
S60 (o) K356 bb—sc
560 (o) G353 sc—bb
D63 (y) K356 bb-sc
E90 (0) R187, T186 SC—SC
Y94 (r) K139 bb—sc
Y94 (r) R187 SC—SC
Y94 (r) G132 sc—bb
[2Fe-25] P378 Fel—sc
[a] Chemical-shift perturbations according to Figure 3 (r=red, g=gray,
o=orange, y=yellow); sc=side chain, bb=backbone, E90 of PetF and
R187 of HydA1, which are at present identified as the most important res-
idues for complex formation, are indicated in bold.

Charged residues at the PetF/HydA1 interface

E90 is the PetF residue with the largest number of possible H-
bonds and salt bridges to HydA1. Most importantly, its side
chain is close to the side chain of R187, which is the HydA1
residue with the largest number of H-bonds and salt bridges
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to PetF (Figure 4 and Table S4). The hydroxy group of the adja-
cent T186 has contacts with the side chain of PetF E90. The im-
portance of R187 and E90 has already been demonstrated for
the variants HydA1-R187W and HydA1-R187D,"" as well as for
PetF-E90Q and PetF-E90K.*"' For the variants HydA1-R187W
and -R187D, the PetF-dependent hydrogen production is de-
creased about 20- and 100-fold, whereas the catalytic activity
with methyl viologen as electron donor is unchanged and
about sixfold increased, respectively.”” Mutations of PetF E90
drastically change the redox potential by about +70 mV,?
and PetF-E90Q leads to a decreased hydrogen production.™”’

Consistent with the pronounced Adyy upon HydA1 addition
(Figure 3 A), the carbonyl oxygen and tyrosyl side chain of Y94
of PetF are close to the g-amino group of K139 and the guani-
dinium group of R187 of HydA1, respectively (Figure 4B and
S7B). Furthermore, the significant perturbation of the back-
bone amide resonances of residues 59-66 upon HydA1 bind-
ing indicates the importance of this region for complex forma-
tion. This is reflected by the distances smaller than 3 A be-
tween the carbonyl oxygens of Q59 and S60 and the d-protons
of K356 of HydA1. In addition, the side-chain amide group of
Q59 and the carboxyl group of D63 of PetF are within H-bond-
ing distance of the g-amino groups of K356 of HydA1 (Fig-
ures 4B and S7A). The side chain of K357 of HydA1 is in prox-
imity to the side chain of D58 and the backbone of A39 of
PetF (Table S4).

In agreement with the significant chemical-shift perturba-
tions of PetF D24 and E28, their side chains are within H-bond-
ing distance of the side chain of HydA1 K393 (Figure 4B). The
side chains of K393 and R389 of HydA1 have H-bond contacts
with the side chains of E27 and D32 of PetF, respectively
(Table S4). These contacts support the importance of acidic
PetF side chains and basic HydA1 side chains for formation of
the optimal ET complex. Most of these residues have also been
identified by site-directed mutagenesis.”*>'"

Hydrophobic and polar residues at the PetF/HydA1 interface

Our model points not only to residues of HydA1 and PetF with
charged side chains as important for complex formation, but
also several residues with hydrophobic and polar side chains.
These residues are mainly close to the cysteines coordinating
the [4Fe-4S] cluster of HydA1 (C130, C185, C377, and C381)
and in the long [2Fe-2S] cluster-coordinating loop of PetF
(residues 35-46). Accordingly, all PetF residues of this loop are
significantly affected upon HydA1 binding (Figure 3 A).

HydA1 G132 forms an H-bond with the hydroxy group of
PetF Y94. This HydA1 residue is adjacent to highly conserved
residues, including C130. The variant HydA1-G132D was report-
ed to yield four-fold increased hydrogen production in combi-
nation with mutation N2275.%¥ The hydrophobic residues
G351, L352, and G353 of HydA1 exhibit many contacts with
PetF residues 40-43. These include backbone-backbone H-
bond interactions between the three HydA1 residues and G40
as well as A41 of PetF. In addition, G353 is within H-bonding
distance of the backbone of Q59 and the side chain of S60 of
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PetF. The carbonyl oxygen of A376 might form an H-bond with
Hf of C42 of PetF.

P378 is adjacent to C377, which coordinates the [4Fe-4S]
cluster. Importantly, there are several distances smaller than
3 A between P378 and A41, as well as C37 and C42, which co-
ordinate the [2Fe-2S] cluster. Moreover, the highly conserved
P378 is only 2.8 A from the reducible iron of the [2Fe-2S] clus-
ter (Table S4). Thus, P378 probably plays a crucial role in the
stability of HydA1 as well as in its complex with PetF.

Mutations targeted to enhanced hydrogen production

Predicting the effect of mutations on complex formation is
extremely challenging, as protein—protein interaction networks
are very intricate. For the PetF/HydA1 complex, E90 of PetF
and R187 of HydA1 are at the center of the interface with their
respective binding partners, in agreement with mutagenesis
studies.”™ " Substitution of R187 by an oppositely charged
amino acid abrogates PetF-dependent hydrogen production
on the one hand, but on the other hand leads to a sixfold in-
crease in methyl-viologen-dependent hydrogen production.™

To the best of our knowledge, there is only one study that
provides a framework to predict the outcome of point muta-
tions at the center of the interface of an ET complex. In this
study, the interface of cytochrome ¢ with cytochrome ¢ perox-
idase was investigated.?” Cytochrome c residues T12 and R13
are in the middle of the interface. Mutation to R13A led to de-
stabilization of the complex, whereas T12A increased the bind-
ing to cytochrome ¢ peroxidase.” Similarly, the two HydA1
amino acids T186 and R187 are at the center of the HydA1-
PetF interface (Figure 4). Therefore, complex formation be-
tween HydA1 and PetF may be modulated by alanine substitu-
tion at T186 and R187. As for cytochrome ¢ R13A, we propose
destabilization of the complex by R187A, but not a complete
loss of hydrogen production activity, as observed for HydA1-
R187D. It is also important to test the substitution T186A of
HydA1 to investigate whether binding to PetF and PetF-depen-
dent hydrogen production are enhanced.

For PetF, we suggest an exchange of E91 (neighbor of E90)
to alanine, as the chemical-shift perturbation data indicate that
this residue is nonessential for PetF/HydA1 complex formation
(Figure 3A). Also, residue 91 of the ferredoxin from C. fusca is
alanine, and a change of this residue does not change PetF’s
redox potential.”” Presumably a combination of these modifi-
cations may result in increased PetF-dependent hydrogen pro-
duction by HydA1, possibly even when HydA1 competes with
other proteins."™

Conclusion

Our recent NMR titration study identified PetF residues that
interact with the [FeFe] hydrogenase HydA1 from C. reinhard-
tii"™ However, for the 'H and "N amide resonances of PetF
residues in proximity of the [2Fe-2S] cluster, the signals are
broadened beyond detection due to PRE caused by the two

Fe" ions.
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In this work, substitution of gallium for iron in PetF renders
all backbone amide resonances visible and allows determina-
tion of the complete interaction interface of PetF with HydA1.
For HydA1, no backbone assignment is currently available, and
a strategy for °C- and "N-labeling remains to be established.
Therefore, identification of HydA1 residues interacting with
PetF were based on published results from site-directed muta-
genesis. These data were used in combination with the new
solution NMR structure of PetF and the X-ray structure of
HydA1 containing only the [4Fe-4S] cluster to derive the first
knowledge-guided model structure of the PetF/HydA1 com-
plex. With the shortest distance from HydA1 to D19 of PetF of
11.5 A, our complex model confirms that the recently identified
residue D19 is dispensable for PetF binding to HydA1."

In our model, PetF and HydA1 form a transient electrostatic
ET complex, with the shortest intermolecular Fe-Fe distance of
11.1 A. Analysis of the key determinants for complex formation
between PetF and HydA1 and comparison with the available
literature enabled us to propose HydA1-R187A, HydA1-T186A,
and PetF-E91A as promising targets for site-directed mutagen-
esis aimed at enhancing in vivo hydrogen production.

Experimental Section

Protein preparation and Ga substitution of PetF: '"N-PetF and
HydA1 protein samples were prepared as described previously."
For gallium substitution in PetF, the protein was precipitated by
addition of hydrochloric acid and resolubilized as previously de-
scribed"® with the following differences: the aerobically purified
protein sample was buffer exchanged into oxygen-free Tris-HCI
(100 mm, pH 8.0) in an anaerobic chamber (Coy Laboratories Prod-
ucts) on a NAP5 column (GE Healthcare); Ga(NO;); was used in-
stead of GaCl,, and the reconstituted protein was separated from
excess reagents on a PD10 column (GE Healthcare) and eluted
with Tris:HCI (50 mm, pH 8.0) or potassium phosphate (55 mm,
pH 6.8) and NaCl (55 mm). Complete removal was confirmed by
the absence of the characteristic absorption maxima of the [2Fe-
2S] cluster of PetF at 330, 422, and 465 nm (Cary 60, Agilent; Fig-
ure S4). Ga-PetF migrated identically to wild-type PetF on an 18%
native PAGE gel,”® thus indicating successful refolding.

Protein concentration was determined by measuring the absorp-
tion at 280 nm with an extinction coefficient of &=
9315cm™'m~" determined by using the ExPASy ProtParam tool
(web.expasy.org/protparam/).

NMR spectroscopy: NMR samples contained PetF (0.1-1 mm) in
potassium phosphate (50 mm, pH 6.8) with NaCl (50 mm) and D,O
(10%, v/v). All NMR data were acquired at 298 K on an AVANCE
600 spectrometer (Bruker) equipped with a cryogenic probe. The
3D spectra employed a non-uniform sampling scheme in the indi-
rect dimension and were reconstructed by the multidimensional
decomposition software MDDNMR®” interfaced with MDDGUI®®
and NMRPipe/NMRDraw.”” Backbone assignments were obtained
using standard triple-resonance experiments.®® Aliphatic side-chain
assignments were obtained from "*C-edited 3D HCCH, CCONH, and
HCCONH TOCSY spectra. Aromatic side chains were assigned from
a 2D (HP)CP(CYCO)HO and a 2D (HP)CP(CyCHCe)He experiment.B!
For structure determination, a ""N- and a '*C-edited 3D NOESY-
HSQC with a mixing time of 120 ms were measured. All spectra
were analyzed with Sparky (T. D. Goddard and D. G. Kneller, Univer-
sity of California, San Francisco).
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Steady-state heteronuclear N,'"H NOE values were calculated as
the intensity ratios from "N,'H correlation peaks from a pair of
spectra acquired in an interleaved manner with and without 'H
presaturation during the recycle delay (5 s).*?

NMR solution structure determination: Assigned chemical-shift
data have been deposited in the BioMagResBank (www.bmrb.wis-
c.edu) under accession number 19622. These assigned resonances
and dihedral angle restraints were used as input for combined au-
tomated NOE assignment and structure calculation with ARIA2.35%
and CNS.®" Dihedral angles were predicted from chemical shifts
with TALOS" and derived from the X-ray structure of ferredoxin
(PDB ID: 1AWD) from the related algal species C. fusca for residues
35-46 and 73-76 broadened out due to the paramagnetic [2Fe-
2S] cluster. This X-ray structure was also used as the start structure
together with 67 manually assigned medium- and long-range dis-
tances from the "N- and '*C-edited NOEs. After refinement in ex-
plicit solvent, the 15 lowest-energy structures were analyzed with
MOLMOL®® and PROCHECK.®”’ The 15-structure bundle has been
deposited with the Protein Data Bank (ID: 2MH7). Structure dia-
grams were prepared by using PyMOL (www.pymol.org/).

HydA1 titration: PetF/HydA1 complex formation was monitored
by recording a series of 2D 'H,'"N TROSY-HSQC experiments with
“N-labeled Ga-PetF (83 um) and HydA1 (42, 82, 168, 438, and
876 um). Weighted averages of the 'H and "N backbone chemical-
shift changes of a particular residue were calculated according to
the equation Adyy = [(Ady’+0.2A8?%)/2]"2.

Docking model of the PetF/HydA1 complex structure: A model
of the PetF/HydA1 complex was obtained by using HADDOCK 123
The X-ray structure of HydA1 containing only the [4Fe-4S] cluster
(PDB ID: 3LX4) served as the starting structure. For PetF, the en-
semble of the ten lowest-energy solution-NMR structures (PDB ID:
2MH7) was used (Figure 1). Topologies and parameters for the
[4Fe-4S] and [2Fe-2S] clusters were added to the CNS parameter
and topology files used by HADDOCK. Ambiguous interaction re-
straints (AIRs) were generated as previously described®® and based
on site-directed mutagenesis for HydA1"'" and chemical-shift per-
turbation data for PetF. Residues used to generate the AlRs are
summarized in Table S2. In addition, unambiguous restraints were
specified for all cysteines coordinating the Fe-S clusters as 2.3 A (+
0.05 A and —0.1 A). Initially, 1000 rigid-body solutions were gener-
ated, and the 200 lowest-energy structures were used for semi-
flexible simulated annealing and the final water refinement. The
cluster analysis was performed with the 3.5A cut-off criterion.
Analysis and clustering of the HADDOCK results is summarized in
Table S3, and an overview of the HADDOCK clusters is shown in
Figures 4C and S6. The coordinates of the best four structures of
HADDOCK cluster 1 have been submitted to the Protein Data Bank
(ID: 2NOS).
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4.3.2 Supporting information

Structural insight into the complex of ferredoxin and [FeFe] hydrogenase from

Chlamydomonas reinhardtii

Sigrun Rumpel, Judith F. Siebel, Mamou Diallo, Christophe Fares, Edward J. Reijerse,

Wolfgang Lubitz

Solution structure and dynamics of PetF

Table S1. NMR and refinement statistics for oxidized PetF.

Oxidized PetF
NMR distance and dihedral constraints
Distance constraints
Total NOE 1412
Intra-residue 574
Inter-residue 838
Sequential (|i —j|=1) 288
Medium-range (|i —j| <4) 158
Long-range (|i —j| > 5) 392
Hydrogen bonds 5
Total dihedral angle restraints 148
o 74
v 74
Structure statistics
Violations (mean and s.d.)
Distance constraints (A) 0.061 + 0.006
Dihedral angle constraints (°) 1.143 + 0.057
Max. dihedral angle violation (°) 2.333
Max. distance constraint violation (A) 1.239
Deviations from idealized geometry
Bond lengths (A) 0.0054 £ 0.0016
Bond angles (°) 0.674 + 0.020
Impropers (°) 1.862 +£0.077
Average pairwise r.m.s. deviation** (A)
Heavy 0.60+£0.13
Backbone 1.16 £ 0.16
Ramachandran plot statistics
Residues in most-favored region (%) 73.9
Residues in additionally allowed region (%)  23.9
Residues in generously allowed region (%) 2.3
Residues in disfavored region (%) 0

**Pairwise r.m.s. deviation was calculated among 15 refined structures for residues 1-94.
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1 10 20 30 40 50 60 70 80 90
Cr YKVTLKTPSGDKTIECPADTYILDAAEEAGLDLPYSCRAGACSSCAGKVAAGTVDQSDQSFLDDAQMGNGFVLTCVAYPTSDCTIQTHQEEALY
Cf YKVTLKTPSGEETIECPEDTYILDAAEEAGLDLPYSCRAGACSSCAGKVESGEVDQSDQSFLDDAQMGKGFVLTCVAYPTSDVTILTHQEAALY

dkkkdkdkkkdkdk o cdkkkkdk kkdkkkkkdkhhkkdkhhkkhhkkhhhkdkhhhdkhkh -k kdkdkkkdkdkhhkdkhhdhdk  khdkkhkhkhkhhdhhkdx *k *kdkkx *kx

Figure S1. Sequence alignment of residues 1 to 94 of PetF from C. reinhardtii (Cr) and of the ferredoxin of
Chlorella fusca (Cf) with the pdb-code IAWD. Cysteines ligating the [2Fe-2S] cluster are highlighted by a
yellow background. The line below the two ferredoxin sequences indicates identical residues by * and conserved
residues by :.

Highest root-mean-square deviation (RMSD) values within the ensemble of NMR structures
were found for residues 35 to 46 and 73 to 76 (regions lacking experimental restraints) as well
as for the C-terminus (Figure 1). Those regions show also the highest RMSD to the X-ray
structure 1AWD, which has an average backbone RMSD (residues 1-94) to the mean NMR-
structure of 1.71 A. Differences within the NMR ensemble and with respect to the X-ray
structure are in the same range with the exception of residues 26 to 32, which precede the

long iron-sulfur cluster coordinating loop (Figure S2).

o

RMSD/A —

o——rT 7T

0 10 20 30 40 50 60 70 80 90
residue number —

Figure S2. Backbone RMSD per residue within the ensemble of 10 solution NMR structures (red line) and
between mean solution NMR structure and the X-ray structure 1AWD of the related ferredoxin from the green
alga Chlorella fusca (black line).
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Most residues of PetF exhibit steady-state '’N-'"H-NOE values above 0.75 that indicate a lack
of internal motions on the nanosecond timescale (Figure S3). However, there are four flexible
regions as indicated by NOE values below 0.75: (I) residues 23-26 of helix al, (II) residues
31-33 of the loop following helix al, (III) residues 59-63 of the loop preceding helix a2 and
(IV) the C-terminal helix o4 (residues 90-94). These four regions surround the [2Fe-2S]
cluster protruding in three directions. A detailed analysis of the B-factors of the X-ray
structures of plant-type ferredoxins has revealed the same regions as flexible and important
for protein-protein complex formation. This study also revealed residues 7 to 10 connecting
the first two B-strands as an additional flexible region." However, this loop is located at the
opposite site of the [2Fe-2S] cluster and thus unlikely to be important for the recognition of

HydAT1 and other PetF-dependent enzymes.

YRKVTLKTPSGDKTIECPADTYILDAAEEAGLDLPYSCRAGACSSCAGKVAAGTVDQSDQSFLDDAQMGNGFVLTCVAYPTSDCTIQTHQEEALY

B1.1 1.2 ad 1.3 p2.1 a2 Bl4 B22 B1.5 a3
> —> RN > D W & = A

15SN.'H NOE —

LIRS I S SN S BN B B NN S B BN B SN B B B B BN B B B B BN B B S B N B B I B N S B B B N S B B B N R

10 20 30 40 50 60 70 80 90
residue number —

Figure S3. "N-'H steady-state heteronuclear NOE of oxidized PetF plotted against the residue number with the
native amino acid sequence of PetF indicated above the plot. The heteronuclear NOE value of 0.75 is indicated
by the dashed line. Flexible regions I-IV with heteronuclear NOE values below 0.75 are shaded in gray.
Residues 35-46 and 73-76 close to the [2Fe-2S] cluster are invisible in the NMR-spectra and are underlined in
the amino acid sequence.
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Gallium-substituted PetF

1.0

PetF
Ga-PetF

normalized absorption —»
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Figure S4. Absorption spectra of [2Fe-2S] PetF (black line) and Ga-PetF (red line). The characteristic absorption
maxima of [2Fe-2S] ferredoxin at 330 nm, 422 nm and 465 nm disappear upon gallium substitution, confirming
the absence of the [2Fe-2S] cluster. The spectra are normalized to the same absorption maximum at 276 nm.

104



JOURNAL ARTICLES

[]
o
l eS43
1051 ("]
' ®
| ¢ ° Y35., @ _
1107 P egeo ¢ ®
- °
*° .5 ee¢:9°76
r Lf v
. S60e 5.36 G40° C45 o
Eﬁsj e ® ;’.’ oT74
\% o ® ®
Z crse ¢ 08
1 1 ) ‘. ®
T120- ® ? .
J Q@ @ P " s
vt ° o
Sage L@@ e T4 e,
_ W® e . oF61
1251 A3%e & ° ) oc37  A41
' o o
R38° o6 e Ci2 *A46
_ e . L73
1301 ®
1o 9 8 7
<— 0 'H/ ppm

Figure S5. Overlay of the ""N-'H HSQC spectra of native, oxidized PetF (black) and Ga-PetF (red).
Assignments of the peaks observed only for the Ga(III)-substituted protein are indicated. This figure is identical
to Figure 2 except for the color of Ga-PetF.
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HADDOCK model of the PetF/HydA1 complex

Table S2. Active and passive residues used in the definition of the ambiguous distance
restraints (AIRs). Solvent accessible residues experimentally identified as involved in the
interaction are termed “active” and solvent accessible residues neighboring active residues are
termed “passive”.

PetF

Active residues” D24, A25, E28, Y35-C45, Q59-66, H88-E90,
L93-Y9%4

Passive residues® E27, P34, A46, D58, M67, E91-A92

HydAl

Active residues’ R56, K139, R187, K356-K357, K393

Passive residues® S140, T186, T360, D392, A394

*Derived from the average chemical shift perturbation observed for Ga(IIl) substituted PetF when titrated with
HydAl.

"Determined by site-directed mutagenesis.”

“Defined according to the HADDOCK protocol.?
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Figure S6. Intermolecular non-bonded energy of the 200 HADDOCK solutions for the PetF/HydA1 complex as
a function of the backbone RMSD from the lowest energy structure for the docked structures. The cluster
averages are indicated by red circles with error bars, which represent the standard deviation from the mean for

the four lowest-energy structures of each cluster. The numbering of clusters corresponds to column 1 of Table
S3.
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Table S3. Structural statistics of the four best docking structures of each cluster. The clusters
are sorted according to an increasing HADDOCK score and the best cluster is highlighted in
bold.

HAD-
DOCK
score

1 56 | -91.94 | -505.27 | -711.4 | -47.66 | -663.74 | 206.13 | 1923.08 11.6

Einter” En’ Euw' | Eae' | Ear' | BSA® Fe-Fe
distance

Na

3 11 -65.99 | -352.33 -566 -41.55 | -524.45 | 213.67 | 1711.55 18.6

7 5 -62.33 | -226.57 | 47497 | -58.65 | -416.32 | 248.4 | 2016.17 11.1

2 15 | -46.47 | -277.27 | -513.71 | -33.18 | -480.54 | 236.44 | 1651.27 11.9

8 5 -29.75 | -193.16 | -414.93 | -40.34 | -374.59 | 221.77 | 1616.49 16

5 6 -29.71 | -206.13 | -414.25 | -36.1 378.15 | 208.12 | 1331.98 18.2

4 8 -26.37 | -205.69 | -377.62 | -27.89 | -349.74 | 171.93 | 1224.86 13.5

6 6 -24.48 | -168.93 | -384.14 | -42.24 | -341.89 | 215.21 | 1477.05 12.9

10 4 -22.62 | -234.58 | -480.85 | -33.09 | -447.76 | 246.27 | 1416.70 21.9

11 4 -14.54 | -174.36 | -388.77 | -28.90 | -359.8 | 214.4 | 1391.55 12.6

12 4 -10.88 | -161.07 | -392.12 | -31.96 | -360.16 | 231.05 | 1244.28 11

9 5 -0.72 -139.73 | 320.29 | -26.71 | -293.58 | 180.56 | 1387.22 16.5

*Number of structures per cluster

B er (kcal/mol) — intermolecular total energy (EyqwtEciec TEAR)

Epp (kcal/mol) — intermolecular non-bonded energy

9E, 4w (kcal/mol) — intermolecular van der Waals energy

°Eejec (kcal/mol) — intermolecular electrostatic energy

Ear (kcal/mol) — ambiguous intermolecular restraints (AIRs) energy

¢BSA (A?) — buried surface area

"Fe-Fe distance (A) — average intermolecular distance from Fel of PetF to the closest Fe of HydAl
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Table S4. Possible intermolecular H-bond and salt bridge contacts with distances smaller than
3 A of the PetF/HydA1 complex structure model. Contacts between R187 of HydA1 and E90
of PetF are highlighted bold and by a gray background.

HydAl PetF
residue # | residue type atom 1 residue # residue atom 2 distance
type A)
132 GLY HA1 94 TYR OH 2.72
139 LYS HZ3 94 TYR ) 2.99
186 THR HG1 90 GLU OE2 1.7
186 THR 0Gl 90 GLU HE2 2.23
187 ARG HD2 94 TYR OH 2.59
187 ARG HE 90 GLU OE1 2.37
187 ARG HE 90 GLU OE2 1.89
187 ARG HH11 94 TYR OH 2.03
187 ARG HH12 43 SER 0G 2.66
187 ARG NH2 43 SER 0oG 2.84
187 ARG NH2 90 GLU OE1 2.63
187 ARG HH21 90 GLU OE1 1.64
187 ARG HH22 43 SER 0G 1.85
187 ARG NE 90 GLU HE2 2.44
187 ARG NHI1 94 TYR OH 2.85
187 ARG NH2 43 SER 0G 2.84
187 ARG NH2 90 GLU OE1 2.63
285 ASP OD1 39 ALA HB2 2.69
351 GLY HAI 41 ALA ) 2.88
352 LEU HD12 43 SER 0G 2.6
352 LEU N 41 ALA ) 2.81
352 LEU N 41 ALA 0] 2.81
352 LEU HN 41 ALA ) 2.03
353 GLY HN 41 ALA ) 2.54
353 GLY HA1 59 GLN ) 2.9
353 GLY HA2 40 GLY ) 2.46
353 GLY HA2 60 SER 0oG 3
356 LYS HD2 60 SER ) 2.48
356 LYS HD3 59 GLN ) 2.65
356 LYS NZ 59 GLN HE22 2.94
356 LYS NZ 59 GLN OEl 2.69
356 LYS NZ 63 ASP HD2 1.7
356 LYS NZ 63 ASP OD2 2.63
356 LYS HZ1 59 GLN OEl 2.99
356 LYS HZ1 63 ASP ODI 2.87
356 LYS HZ1 63 ASP OD2 1.68
356 LYS HZ2 63 ASP OD1 2.84
356 LYS HZ2 63 ASP OD2 2.89
356 LYS HZ3 59 GLN OE1 1.72
357 LYS HD3 58 ASP OD2 2.38
357 LYS HZ2 58 ASP ODl1 1.73
357 LYS HZ2 58 ASP OD2 2
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357 LYS HZ3 39 ALA 0] 2.18
357 LYS HZ3 58 ASP ODl1 2.82
357 LYS NZ 58 ASP OD1 2.67
357 LYS NZ 58 ASP OD2 2.89
376 ALA @) 42 CYS HB3 2.95
378 PRO HB3 Cluster [2Fe-2S] Fel 2.83
378 PRO HB3 37 CYS SG 2.42
389 ARG HD2 32 ASP OD2 2.84
389 ARG HD3 32 ASP ODl1 2.62
389 ARG HG3 32 ASP OD2 2.88
390 SER O 35 TYR HH 2.81
392 ASP HN 35 TYR OH 2.62
392 ASP 0] 35 TYR HEI 2.87
393 LYS HA 35 TYR o 2.81
393 LYS N 35 TYR HE1 2.6

393 LYS HD3 27 GLU OE1 2.65
393 LYS HE2 27 GLU OE2 2.61
393 LYS HZ1 28 GLU OE2 1.82
393 LYS NZ 28 GLU OE2 2.84
393 LYS HZ2 27 GLU OEl1 1.58
393 LYS HZ2 27 GLU OE2 2.42
393 LYS HZ3 24 ASP OD1 2.86
393 LYS HZ3 24 ASP OD2 2.73
393 LYS NZ 27 GLU HE2 2.44
393 LYS NZ 27 GLU OEl1 2.61
393 LYS NZ 28 GLU HE2 2.67
393 LYS ) 36 SER HA 2.36
393 LYS O 36 SER HG 2.52
396 THR HG1 36 SER oG 2.45
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Figure S7. Zoom in of the best HADDOCK model of the PetF/HydA1 complex structure presented in Figure 4.
The ribbon representation of HydA1 and PetF is shown in cyan and grey, respectively. Side chains of residues
defined as ambiguous interface restraints for protein-protein docking are shown in blue for HydA1l and as in
Figure 3 and 4 for PetF. The FeS-clusters are displayed as spheres with Fe colored orange and S colored yellow.
The orientation of the complex corresponds to Figure 1 in (A) and is rotated 90° about its y- and -10° about its
x-axis in (B).
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ABSTRACT: The preparation and spectroscopic character-
ization of a CO-inhibited [FeFe] hydrogenase with a selectively
*"Fe-labeled binuclear subsite is described. The precursor
[7Fe,(adt)(CN),(CO),]*~ was synthesized from the 'Fe
metal, S; CO, (NEt,)CN, NH,Cl, and CH,O.
(Et,N),[*"Fe,(adt)(CN),(CO),] was then used for the
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velocity (mmis)
Full Characterization by EPR,
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maturation of the [FeFe] hydrogenase HydAl from Chlamydomonas reinhardtii, to yield the enzyme selectively labeled at the
[2Fe]y subcluster. Complementary *’Fe enrichment of the [4Fe-4S]y; cluster was realized by reconstitution with >’FeCl; and
Na,S. The H,,-CO state of [2°"Fe]; and [4*"Fe-4S]; HydAl was characterized by Méssbauer, HYSCORE, ENDOR, and nuclear

resonance vibrational spectroscopy.

B INTRODUCTION

Since their crystallographic identification, the hydrogenases
(H,ases) represent perfect paradigms for bioinspired energy
transformations. Utilizing only base metals and operating at
near thermodynamic potentials, these enzymes promote
reactions at extraordinary rates, in the case of [FeFe] H,ases
thousands of turnover per second.' Further motivating this
theme are the practical implications of the H,/H® redox
reaction, which is the basis for fuel cells.

Many [FeFe] H,ases have been studied, but the algal Hase
from Chlamydomonas reinhardtii, HydAl,2 has received
particular attention.®> The C. reinhardtii protein is ideal for
studies on biosynthesis* and spectroscopy because it represents
a “minimal architecture” enzyme containing only the active
site.’ In contrast, most [FeFe] H,ases feature multiple
accessory [Fe—S] clusters. The active site of all [FeFe]
H,ases is the “H-cluster”, consisting of a [4Fe-4S]y; cluster
appended via a bridging cysteinyl thiolate to a diiron subunit
called [2Fe]y.’ In [2Fe]y, a diiron center is bound to CO,
CN7, and azadithiolate (adt’~ = [(SCH,),NH]*") ligands
(Figure 1))

Recent work has shown that functional HydA1 enzyme can
be produced through incubation of unmaturated HydAl
containing only the [4Fe-4S]y subcluster, with a synthetic
active site mimic (Et,N),[*Fe,(adt)(CN),(CO),].* This
innovation exploits the fact that the active site is attached to
the protein through few covalent bonds. Via this artificial
maturation, the enzyme is now available with wide variety of
chemically and isotopically labeled versions”'® of the [2Fe]y

-4 ACS Publications  © Xxxx American Chemical Society

rNH
Fe4S4/II"S S Sf co
cys” TN\ //\\ J/
N yFe\ /Fe"’CN
oC
CN 8 Cco

Figure 1. H-cluster of HydAl in the H,,-CO state.

subunit on a scale and at a pace that would not be readily
achieved by in vitro maturation routes.'"'> This “artificial
maturation” allows a detailed characterization of individual
active site states and the catalytic mechanism through a variety
of spectroscopic techniques.’

The artificial maturation route in principle should allow the
selective labeling of the [2Fe]y subunit with ’Fe, a nucleus
highly responsive to Mossbauer and nuclear resonance
vibrational spectroscopies (NRVS). With a nuclear spin I =
1/2, YFe is also ideal for the suite of EPR techniques that
provide exquisite insights into Fe-based enzymes.> *"Fe-
labeling of the [2Fe]y; subunit however poses a significant
synthetic challenge because salts of [Fe,(adt)(CN),(CO),]*~
are prepared by multistep sequences starting from reagents that
would only be awkwardly and inefficiently labeled with *’Fe. In
this report these challenges are surmounted, as established by
the preparation of HydA1 with a selectively *’Fe-labeled [2Fe]}
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Scheme 1. Synthesis of [*"Fe,(adt)(CN),(C0),]*™*
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(i) 4 KC,Hy,, (ii) CO, (iii) MeOH, (iv) Ss, (v) HY, (vi) CH,0, NH,", (vii) (NEt,)CN.

site. The H,,-CO state of HydA1 (Figure 1) can be obtained as
a pure state and was therefore chosen to demonstrate the
selective labeling. Using (Et,N),[*Fe,(adt)(CN),(CO),] as
precursor the [2Fe]y subsite in H,-CO was labeled using
artificial maturation. In a complementary experiment the [4Fe-
48] subcluster in H,,-CO was labeled using FeS reconstitution.
The two *’Fe labeled versions of H,,-CO were studied using
Mossbauer, electron nuclear double resonance (ENDOR),
hyperfine sublevel correlation (HYSCORE) as well as nuclear
resonance vibrational (NRVS) spectroscopy.

B RESULTS AND DISCUSSION

Synthesis and Characterization of [*’Fe,(adt)-
(CN),(CO),I*~. The precursor to the target [’Fe,(adt)-
(CN),(CO),]* is “"Fe,(adt)(CO)s which undergoes dicya-
nation nearly quantitatively.'"* Synthesis of the diiron
hexacarbonyl, however, poses challenges because it is derived
via a series of inefficient reactions from precursors that are not
readily labeled with ’Fe. Low yielding routes to unlabeled
Fe,(adt)(CO)4 are tolerated'* because the relevant reagents,
e.g, Fe(CO)s, are inexpensive and the early steps in the
preparation can be conducted on a multigram scale. The
industrial method for production of Fe(CO); involves the
direct carbonylation of Fe metal at high temperatures and
pressures, e.g., 175 atm at 150 °C.!* Such reactions require
specialized autoclaves,'® which are not suited for producing
small amounts of "Fe(CO);. A variety of laboratory syntheses
of YFe(CO); have been described, but they suffer from low
yields and difficult separations even when using specialized
equipment.17

The above considerations led to a focus on routes that avoid
the intermediacy of Fe(CO);. Retrosynthetic analysis reminds
one that Fe,S,(CO),, the immediate precursor to Fe,(adt)-
(CO)g is formed from the [HFe(CO),]” anion, not the
pentacarbonyl. Thus, syntheses of [H’Fe(CO),]™ from "FeX,
are of interest. Literature methods'® for generating [HFe-
(CO),]” from iron halides proved low-yielding in our hands.
Relevant to possible routes to [H*"Fe(COQ),]™ is the fact that it
is easily derived from [Fe(CO),]*~ by protonation. The anion
[Fe(anthracene),]”, prepared by Ellis and co-workers in 61%
yield from FeBr,, carbonylates at ambient pressures.'” The
product, obtained in 81% isolated yield, is [K(18-crown-
6)],[Fe,(CO);). Unfortunately, attempts to convert this salt
into Fe,S,(CO)4 were unfruitful. Treatment of [K(18-crown-

6)],[Fe,(CO)s] with S,Cl, or Sg gave complex mixtures
including [Fe,S,(Ss),)*” and intractable solids but no
Fe,S,(CO)4 A successful method for the direct synthesis of
Fe,S,(CO)4 was inspired by details in the PhD thesis of W. W.
Brennessel of the Ellis group, who describes the synthesis of
K,Fe(CO), from FeBr, in ~50% yield.*® His method involves
treatment of FeBr, in THF with four equivalents of potassium
anthracene at low temperature, followed by carbonylation at 1
atm. The Fe(-1I) derivative is proposed to form via reduction of
K,Fe,(CO); by the fourth equivalent of K(anthracene). This
reaction was reproduced. Treatment of the resulting K,Fe-
(CO), with methanol efficiently afforded KHFe(CO),,*" which
reacted with elemental sulfur to give Fe,S,(CO), after standard
workup.”' In this way, starting from 500 mg of “Fe, we
prepared 180 mg of *"Fe,S,(CO)s (11.8% from *’Fe metal)
together with 60.8 mg (4.5% yield) of *"Fe;S,(CO), (Scheme
1). Repeat synthesis using the same procedure resulted in the
yield of ¥'Fe,S,(CO), improving to 371 mg (24.4% from *'Fe
metal). The '*C NMR spectra of *’Fe,$,(CO)s and
3"Fe,S,(CO), gives 'J(*'Fe,'°C) = 28.3 and 26.3 Hgz,
respectively. The most problematic step in the synthesis is
the conversion of KHFe(CO), into Fe,S,(CO), which we
estimate proceeded in 30% yield.

Conversion of Fe,S,(CO)s to [*"Fe,(adt)(CN),(CO),]*~
requires two steps, which have been described previously for
the unlabeled versions of these complexes.”” The first of these
steps is the conversion of *"Fe,$,(CO)s to “"Fe,(adt)(CO)s.
This conversion was achieved by reduction of *’Fe,S,(CO);
with LiBEt;H to give *’Fe,(SLi),(CO), followed by
protonation to “"Fe,(SH),(CO)4 and subsequent adt bridge
formation through reaction with a mixture of ammonia and
formaldehyde to yield *"Fe,(adt)(CO)s Conversion of
SFe,(adt)(CO)4 to [¥Fe,(adt)(CN),(CO),]* was achieved
by reaction with 2 equiv of (NEt,)CN. The isotopic purity of
the anion [*Fe,(adt)(CN),(CO),]>~ was established by
negative ion ESI mass spectrometry (see Supporting
Information (SI), Figure S1).

Selective Labeling of HydA1. The insertion of
[%7Fe,(adt)(CN),(C0O),])*” into unmaturated HydAl was
monitored by Fourier transform infrared spectroscopy (FT-
IR). The precursor undergoes substantial rearrangement upon
incorporation into unmaturated HydAl (Figure S2A and S2B,
SI). One CO ligand migrates to the bridging position and the
CN™ groups shift from apical to basal sites. Furthermore, in a
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major desymmetrizing event, one of the two previously
equivalent Fe sites binds to cysteinyl sulfur, which links the
[2Fe]y and [4Fe-4S]y, clusters. Under the usual reductive
maturation conditions one terminal CO ligand of the distal Fe
dissociates affording an open coordination site where substrate
and inhibitors can bind. After oxidation with thionin (Figure
S$2C, SI) and flushing with CO, a pure H,,-CO state is created
(Figure S2D, SI). In the H,,-CO state, the [2Fe]}; subunit is in
a delocalized mixed valence Fe(I)Fe(I) configuration.

In order to realize complementary *'Fe enrichment, in a
separate experiment the [4Fe-4S]y cluster was “'Fe-labeled as
described in the Experimental Section. In a first step, unfolding
and thereby loss of the unlabeled [4Fe-4S],; cluster was
observed by subsequent loss of the brownish color of the
solution. The [4Fe-4S]y cluster was reconstituted with *"FeCl,
and Na,S, accompanied by recovery of the brownish color.
Successful reconstitution was confirmed by activity measure-
ments, UV—vis and EPR spectroscopy (see SI for detailed
information).

EPR Characterization. The selective labeling of the two
components of the H-cluster with *'Fe greatly simplifies the
assignment of the observed pulse EPR signals (see Figure 2).
For the hybrid in which the [2Fe],; subcluster is labeled, two
spectral features in the HYSCORE spectra can be observed
(Figure 2B,C). The correlation ridges in the right-hand section
of the spectra (positive frequencies) are assigned to a weakly
coupled *"Fe nucleus while the ones in the left-hand section
(negative frequencies) originate from a strongly coupled *'Fe
nucleus. These signals can both be simulated with axial
hyperfine tensors (see Table S1 in the SI). Their A, values are
44 and 1.3 MHz, respectively, suggesting that one iron in the
[2Fe]y subsite has ~4 times more spin density than the other.
According to the spin-exchange model describing the electronic
structure of H,,-CO (see below), the proximal iron in [2Fe]y
has the largest spin density. The obtained hyperfine parameters
are in agreement with previously reported EPR data on the
[FeFe] Hyases from Desulfovibrio desulfuricans (DAH)."* Earlier
Mdssbauer studies on the [FeFe] Hjases from Desulfovibrio
vulgaris Hildenborough (DvH) and Clostridium pasteurianum
(Cpl) provided the first estimates for the hyperfine *"Fe
interactions in the [2Fe]y subsite.”**® These measurements,
however, suffered from overlapping signals from the accessory
[4Fe-4S] clusters and are therefore less accurate (see Table S1).
The complete hyperfine tensor information on Fel and Fe2 as
obtained from HYSCORE (Table S1) accurately defines the
electronic structure of the binuclear subsite and can be used to
validate quantum chemical calculations on the H-cluster
properties.

As described above, it is also possible to selectively label the
[4Fe-4S], subcluster with ’Fe. For this sample in the H,,-CO
state, no signal in the HYSCORE spectra was observed. In the
ENDOR spectra between 10—20 MHz signals from strongly
coupled Fe nuclei are observed. As it is shown in Figure 2A,
these signals are not observed when only the [2Fe]}; subcluster
is labeled. This unequivocally confirms that these signals
originate from the [4Fe-4S]y subcluster. As presented in Figure
3, these signals can be simulated with four distinct anisotropic
hyperfine interactions corresponding to the four Fe centers in
the [4Fe-4S]y subcluster (hyperfine interaction parameters are
listed in Table S1). In earlier Méssbauer studies on Cpl, these
relatively large hyperfine interactions of the formally
diamagnetic [4Fe-4S]y; subcluster were interpreted as originat-
ing from spin density induced by a substantial exchange
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Figure 2. Q-band *'Fe ENDOR and HYSCORE spectra (20 K) of
selectively labeled HydA1 H,,-CO recorded at field positions indicated
in the EPR spectrum (inset); for experimental parameters see SL (A)
Davies ENDOR of H,-CO “'Fe labeled at [4Fe-4S]y (black) or
[2Fe];; (blue); simulations are indicated in red. (B) and (C)
HYSCORE spectra recorded for H,,-CO *'Fe labeled at [2Fe]y at g
= 2.008 and g = 2.053 respectively; for all simulation parameters see
Table S1.

coupling between the two subclusters.” The four hyperfine
interactions were predicted to be divided in two groups
representing the two § = 9/2 Fe(II)Fe(III) pairs which are
mutually antiferromagnetically coupled to effective spin S = 0.
Later ENDOR studies on DdH confirmed this analysis and
showed that the hyperfine interaction of the two groups have
opposite signs."® The current data on HydAl are fully in line
with these studies. The two groups are defined by pair 1 with
Aie = 33.2 MHz (brown) and 30.0 MHz (orange), pair 2 4;,, =
28.0 MHz (blue) and 27.6 MHz (green).

Massbauer Characterization. The selective *"Fe-labeling
of the [2Fe]y site enables the investigation of this specific
subsite by Mossbauer spectroscopy. Previous Mdssbauer

DOI: 10.1021/jacs.5b03270
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Figure 3. Q-band Davies ENDOR spectra and simulations of H,,-CO
HydAl selectively labeled with "Fe at the [4Fe-4S]y; cluster. Spectra
were recorded with an RF pulse of 45 pis, shot repetition time 800 us,
microwave frequency 33.93396 GHz, temperature 20 K at field
positions: (A) 11829 mT =~ g, (B) 1189.65 mT, (C) 11964 mT, (D)
1203.15 mT, (E) 12099 mT = g, The black line represents
experimental data and the red line the sum of the simulations. The
colored lines below each experimental spectrum are the components
of the simulation corresponding to the four hyperfine couplings:
brown Fe’, orange Fe, blue Fe’, green Fe® (see Table S1).

studies on the active [FeFe] Hjases CpI**** and DvH® are
complicated by the presence of accessory [4Fe-4S] clusters in
addition to the H-cluster. Using our approach of selective
labeling, the Mossbauer spectra are simplified and Mossbauer
parameters can be obtained without the cosimulation of other
*"Fe-components. Additionally, this method enables high
concentrations of the sample and therefore high-quality spectra.
The Mbssbauer spectrum of the [4°7Fe-4S],, cluster from
HydAl maturated with unlabeled [Fe,(adt)(CN),(C0),]*” in
the H,,-CO state is shown in Figure 4A. The counterpart
spectrum, the ’Fe-labeled [2Fe]y site in the H,-CO state, is
presented in Figure 4B. Both spectra are quite simple and can
be simulated with relatively few components. Figure 4C
displays a superimposition of the simulated spectra 4A and
4B. It clearly shows the overlap between the signals from the
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Figure 4. (A) Massbauer spectrum and simulations of H,,-CO HydAl
selectively labeled with *'Fe at the [4Fe-4S]y subcluster. (B)
Massbauer spectrum and simulations of H,,-CO HydAl selectively
labeled with *"Fe at the [2Fe]} subcluster. (C) Superimposition of the
simulations of the *'Fe-labeled [2Fe]y; subunit and the [4Fe-4S]y;
custer, ratio 0.5:1. All spectra were measured at 160 K in zero
magnetic field.

[4Fe-48]y cluster and the [2Fe]y site, which would require 9
parameters for its simulation (apart from the background
contributions).

The isomer shift (§ = 0.42 mm/s) and the quadrupole
splitting (AE, = 1.04 mm/s) found for the [4%"Fe-48], cluster
are typical for oxidized [4Fe-4S] clusters.”® The spectrum of
the Fe-labeled [2Fe]y site can be analyzed assuming two
nonequivalent Fe sites. A small amount of an Fe(II) impurity is
apparent as well. The data can be fitted assuming a slight
nonequivalence either more pronounced in the quadrupole
splitting (simulation 1, Figure 4B) or in the isomer shift
(simulation 2, Figure S5). Simulation 1 (Figure 4B) is slightly
favored. Taking into account the different ligands coordinating
the two irons one would expect clear differences in quadrupole
splitting whereas the isomer shift is relatively insensitive to
electron density differences for low valence iron centers.”
Simulation 1 is characterized by the isomer shifts §1(1) = 0.16
mm/s, 5§1(2) = 0.08 mm/s and quadrupole splittings of
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AEgl1(1) = 0.89 mm/s, AE,1(2) = 0.55 mm/s. The parameters
of all simulations can be found in Table S2 in the SI. The fitted
Maossbauer parameters are not identical to those obtained
previously by Pereira et al. for DvH (51(1) = 0.17 mm/s, 51(2)
= 0.13 mm/s and AE,l(1) = 0.70 mm/s, AEG1(2) = 0.65
mm/s, see also Table S2), but lie in the same range that is
consistent with low-spin iron in a low oxidation state. The
slight differences between the parameters obtained in this work
and those by Pereira et al. could originate from the lower
accuracy in the latter study caused by the overlapping F-cluster
signals but it is also possible that the H-cluster of [FeFe] H,ases
in different organisms (DvH vs HydAl) slightly different
electronic structures. To verify this, DvH could be maturated
using the method described here to obtain a Mossbauer
spectrum from the selectively labeled [2Fe]} site. This would
also pave the way to study in detail the elusive “inactive”
oxidation states in DvH H,-air and H,,, as well as the
“regular” active oxidation states H,, and H, 4.

NRVS Characterization. The [2°7Fe]y-HydAl H,-CO
sample was also analyzed by nuclear resonance vibrational
spectroscopy (NRVS). This technique is exclusively responsive
to vibrations affecting the *"Fe site. Previous attempts to record
NRVS spectra of [FeFe] Hyase (Cpl)'' were hampered by
signals from other *"Fe labeled components, and not purely
originating from the [2Fe]y subcluster (see Figure 6). In this
study, NRVS spectra of (Et,N),[*"Fe,(adt)(CN),(CO),] and
[2¥Fe]y HydAl H,,-CO were obtained (Figure 5). The NRVS

Fe-S Fe-CN Fe-CO
576
603
653
s a ol o o s o b a s ba g oo e o Xl a s a1 N
0 100 200 300 400 500 600 700

Energy (cm™)

Figure 5. NRVS spectrum of [2¥Fe]; HydAl H_,-CO (red) and the
precursor [*Fe,(adt)(CN),(CO),]*” (blue). The peaks labeled in
black are the same energy +2 cm ™' in both spectra.

spectrum of the precursor displays intense bands in the regions
assigned to Fe-CO stretching and Fe—C—O bending (six bands
between 490 and 650 cm ™) and the Fe-CN region (two bands
between 400 and 500 cm™).*** Comparing the spectrum of
the precursor to that for the HydA1 H_,-CO spectrum, one can
clearly see that the Fe—C bands are strongly affected, with Fe-
CO modes being (on average) red-shifted and Fe-CN modes
being blue-shifted. The Fe-CO/-CN shift is consistent with
major changes in the primary coordination sphere of the Fe
centers upon insertion into the enzyme and conversion to H,,-
Co.

The notable band at 653 cm™ is assigned as having
significant contributions from a diequatorial Fe(CO), stretch—

bend by comg:arison with assignments of previous model
complexes.” ' This band is absent in the [2°7Fe]y HydAl
H,,-CO spectrum as there are no longer two CO ligands in the
basal positions of either iron center.>’ The high intensity of the
Fe-CO band at 576 cm™ in the [*’Fe,(adt)(CN),(CO),]*~
spectrum is due to the high symmetry of this complex.

When comparing the low energy portion of the two spectra,
it is clear that the bands at 170, 198, and 326 cm™ are largely
unmoved and there are only minor shifts for other bands in the
Fe—S region. This is an indication that there is little change in
the Fe—S geometry upon incorporation of the precursor into
the enzyme. A common feature of the NRVS of [4Fe-4S]
clusters are bands due to Fe—S bending and breathing at 150
em™'*® The absence of any strong band at 150 cm™'
demonstrates that there is no significant 'Fe incorporation
into the [4Fe-4S],; cluster, verifying the results from the
Maéssbauer spectroscopy. Further discussion of bands and their
assignments can be found in the Supporting Information.

The benefits of the selective labeling by the artificial
maturation process are illustrated also by the NRVS measure-
ments. The previously reported NRVS spectrum was recorded
on Cpl, which was only partially labeled by incubation/
activation of the **Fe-labeled inactive apo protein with *"Fe-
enriched maturation proteins (Figure 6)."! The CpI spectrum

Fe-S Fe-CN Fe-CO
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e a1l
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Figure 6. NRVS spectrum of HydAl H,,-CO of this work (red) and

Cpl from previous NRVS on hydrogenase (mixed states, blue)Au The
assignments are not pure vibrational modes.

has characteristic features at 353 and 382 cm™' in the Fe—S
region (300—400 em™) assigned to Fe—S bands of oxidized
[4Fe-4S8]*" clusters. These bands are indicative of unselective
labeling of a [4Fe-4S] cluster. For the [2*Fe],; HydAl H,-CO
spectrum, only low intensity features are present in this region.
Selective labeling is also evident in a notable increase in the
intensity of the Fe-CN and Fe-CO signals in the 400—600 cm™"
region.

B CONCLUSIONS

In summary, the work demonstrates the selective *’Fe-labeling
of the HydAl enzyme at both the [2Fe], subunit and the
subcluster [4Fe-4S]y. The route to *"Fe-labeled iron carbonyls
is described using only conventional Schlenk techniques. The
method is clearly adaptable to labeling of other derivatives,
perhaps other hydrogenases, and their synthetic analogues.32
Focusing on the protein prepared in the H,-CO state, all
spectroscopic measurements confirm the selectivity of the
labeling.
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The *’Fe hyperfine interactions from the [2Fe]y; and [4Fe-
4S]y subclusters in HydAl obtained from HYSCORE and
ENDOR spectroscopies are consistent with those obtained
earlier from the H-cluster of the H,ase DdH although slight
species dependent variations were observed. The overall
electronic structures of H,-CO of DdH and HydAl seem
therefore virtually identical. The Mdssbauer parameters from
the [2Fe]y subsite in HydAl revealed an intrinsic ambiguity
(ie, two equivalent combinations of isomer shift and
quadrupole splitting) that was not detected in earlier studies
on DvH.

NRVS analysis demonstrated that through this selective *"Fe
labeling the intensity of signals from the key [2Fe]y subunit can
be improved significantly. This improvement opens up the
possibility of new modes involving the bridging CO, hydrides,
or Fe—Fe interactions being identified. This future effort would
require suitable isotopic labeling experiments of other atoms of
the [2Fe]y subunit and complementary simulations. These
labeling experiments are facilitated by the frugal use of common
reagents in this synthetic method, which allows easy
substitution for their isotopically labeled counterparts ‘S
BCO, and ®CN~* Such isotope labeling of atoms bound
directly to *'Fe will facilitate assignment of the NRVS spectrum
of catalytically significant states.

Further work is underway to spectroscopically characterize
the “active” states of the enzyme, specifically H,,, H,4 and
H,.q. Through selective labeling the overlapging ’Fe ENDOR
spectra of the two subclusters in H,,'*** can now be
disentangled. The effects of, e.g, the bridging CO ligand and
the exchange coupling to the [4Fe-4S]y; subcluster can now for
the first time be studied on selectively labeled H-clusters. In
addition, also “inactive” precursors [*7Fe,(pdt)(CN),(CO),]*~
(pdt?*~ propanedithiolate [(SCH,),CH,]*") and
[*"Fe,(0dt)(CN),(CO),]*~ (odt’~ = oxadithiolate
[(SCH,),0]*") will be studied in Fe labeled form as a
product of this work. Although largely inactive, these variants
show “trapped” intermediates that may be related to the
catalytic cycle.*®

B EXPERIMENTAL SECTION

General Considerations. Unless otherwise indicated, reactions
were conducted using standard Schlenk techniques or in a glovebox
under an N, atmosphere at room temperature with stirring. Synthesis
of ’FeBr, from ’Fe,*® 'Fe,(adt)(CO)4 from $"Fe,$,(C0O),>" and
(Et,N),[*"Fe,(adt) (CN),(CO),] from "Fe,(adt)(CO)q,"" were
achieved by modification of literature procedures for the equivalent
unlabeled complexes. Details can be found in the Supporting
Information.

Synthesis of *’Fe,S,(CO)e. A potassium anthracene solution was
prepared by stirring thinly sliced potassium metal (1.41 g, 36.2 mmol)
and anthracene (6.44 g, 36.1 mmol) in THF (120 mL) overnight using
a glass covered stir bar to give a deep blue solution of potassium
anthracene. In a separate flask *’FeBr, (1.82 g, 8.40 mmol) was also
stirred overnight in THF (100 mL) giving a suspension of yellow solid
in a pale orange solution. Both solutions were chilled to —77 °C, and
the >’FeBr, solution was cannula transferred into the potassium
anthracene solution over a period of 10 min. The solution was allowed
to warm to room temperature over a period of 5 h, resulting in a color
change from blue to very dark red/brown indicating the formation of
K[Fe(anthracene),]. The solution was then filtered through Celite
(the solution contains very fine particles that easily block glass frits and
even block up Celite if too much pressure is applied). The volume of
the filtrate was reduced to ~150 mL under a vacuum. The solution was
cooled to —77 °C, and the headspace was replaced by an atmosphere
of CO. The solution was then allowed to warm to room temperature

over a period of 10 h under a constant 1.05 atm of CO. Once warmed
to room temperature the solution is a dark color with a significant
amount of pale precipitate. All solvent was removed to give a brown
solid containing the desired K,Fe(CO),. This solid was cooled to —77
°C, and treated with MeOH (50 mL) added over the course of 20 min.
The initially brown/green solution changed to dark red as the mixture
was warmed to room temperature over the course of an hour,
indicating the formation of KHFe(CO),. The solution was filtered
through Celite, and any remaining solid was washed with MeOH. The
volume of the solution was reduced to ~10 mL, with the aim of
keeping as much of the red color in solution, not coprecipitating with
the colorless solids, which precipitate upon this volume reduction. The
solution was cooled to 0 °C, and solid potassium hydroxide (1.30 g
232 mmol) was added against a positive pressure of argon, followed
by the addition of degassed water (15 mL). After S min of stirring at 0
°C, elemental sulfur (1.29 g, 40.2 mmol) was added directly against a
flow of argon. The mixture was stirred at 0 °C for 1.5 h before
degassed water (20 mL) and hexane (50 mL) were added. Solid
NH,CI (3.22 g, 60.2 mmol) was added against a flow of argon, and a
needle with attached bubbler was attached to the flask and the solution
stirred for 16 h. Subsequent steps were performed in air. Stirring was
ceased and the red hexane layer was decanted and reserved. The
remaining aqueous solution was extract with hexane (4 X 20 mL) until
no red color remained in the hexane layer, with the extracts then
added to the previously reserved solution. The solution was passed
through a short silica plug (2 cm) and the filtrate then evaporated on a
rotary evaporator (Fe,S,(CO)¢ readily sublimes under oil pump
vacuum at room temperature). An extract of the resulting red oil in
hexane (3 mL) was chromatographed on a silica gel column (2 cm X
30 cm), eluting with hexane. The first orange band was identified as
7Fe,8,(CO)s (180 mg, 0.520 mmol, 12.4% from FeBr,) and the
second dark red band as *"Fe,S,(CO), (60.8 mg, 4.5% from *’FeBr,).
The preparation was repeated with improved handling giving an
improved yield of "Fe,S,(CO)s (371 mg, 1.07 mmol, 25.4% from
7FeBr,) and a small amount of ¥'Fe;S,(CO), (15 mg, 0.031 mmol,
1.1% from ’FeBr,) ’Fe,S,(CO)y: IR (pentane): vc—o = 2085 (m),
2045 (s), 2008 (s), 1993 (w); *C NMR (600 MHz, dg-Toluene): &
208.66 (d, Je_r. = 28.3 Hz, CO); ¥Fe,S,(CO)y: IR (pentane): ve—g =
2063 (s), 2045 (s), 2024(s), 2008 (m), 1988 (w); 3C NMR (600
MHz, dg-Toluene): § 209.23 (d, Jc_g = 26.3 Hz, CO). MS ESI- (m/z)
515.6 ((Et,N)["Fe,(adt)(CN),(CO),]") IR (acetonitrile): vc_y
2075 (m) veog = 1968 (s), 1924 (s), 1891 (s), 1873 (sh).

Preparation of 5’Fe-Labeled HydA1. All samples were handled
strictly anaerobically. All buffers were carefully degassed. Unmaturated
HydAl was prepared as described by Kuchenreuther et al.** In order
to selectively label the [4Fe-4S]y cluster with “'Fe, unmaturated
HydAl was treated with 6 M guanidinium chloride in 100 mM Tris/
HCI pH, 8.0, 20 mM EDTA to have a final concentration of 100—200
UM protein. After 30 min of incubation, samples were buffer
exchanged into 100 mM Tris/HCl, pH 8.0, 150 mM NaCl using
PDI0 desalting columns (GE Healthcare). For the reconstitution
reaction, a protocol similar to literature procedures was used.> FeCl,
was prepared from “Fe powder by dissolving in concentrated
hydrochloric acid, evaporation of the solvent and resolubilizing in
distilled water. The protein solution (S0—70 uM) was incubated with
5 mM DDT for 5 min and slightly stirred. 10-fold excess of 'FeCl,
solution was added stepwise to the reaction mixture within 20 min.
Thereafter, 10-fold excess of an aqueous solution of Na,S was added
stepwise. The reaction mixture turned from reddish (after addition of
"FeCl;) to a brownish color typical for unmaturated HydAl. After
removing excess of ions using PD10 desalting columns, samples were
concentrated and kept frozen until use.

In order to selectively label unmaturated HydAl on the [2Fe]y
subcluster, it was incubated with a 2-fold excess of (Et,N),[%"Fe,(adt)-
(CN),(CO),] following recent protocols.*’® In order to obtain the
H,,-CO inhibited state, samples were first oxidized with thionine and
then flushed with CO for 20 min (Figure S2, SI). The redox states of
all samples were verified using FT-IR spectroscopy.

EPR Analysis. Field swept Q-band EPR spectra were recorded in
the pulsed mode using FID detection after a 1 us 77/2 excitation pulse.
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After a pseudomodulation transformation, the sopectra obtained in this
way are comparable to those using CW EPR.*

Electron nuclear double resonance (ENDOR) was used to study the
%Fe hyperfine interactions. In this investigation the Davies ENDOR
sequence was used: [7]-ty-[RF]-ty,-[7/2]-7-[x]-7-(ESE).*"* The
excitation of nuclear spin transitions is detectable through an increase
in the inverted ESE intensity. The microwave preparation pulse was
set to 140 ns, whereas the length of the radiofrequency (RF) pulse was
45 ps and the shot repetition time 0.8 ms.

Q-band hyperfine sublevel correlation spectroscopy (HYSCORE)
experiments were performed using the standard HYSCORE pulse
sequence: [1r/2]-t-[7/2]-t;-[m]-t,-[/2]-7-(ESE).** The length of
the microwave [7/2] and [z] pulses was adjusted to the maximum
available microwave power (3 W). The delay between the first two
pulses (7) was 352 ns. The starting ¢, and t, delays in all measurements
were 100 ns and were changed by a step of 16 ns. To suppress the
effect of unwanted echoes, a four step phase cycling of the microwave
pulses was used.

Q-band experiments were performed on a Bruker ELEXYS ES80
spectrometer with a SuperQ-FT microwave bridge and a home-built
resonator described earlier.* Cryogenic temperatures (20 K) were
obtained by an Oxford CF935 flow cryostat. ENDOR experiments
were performed using the random (stochastic) acquisition technique
and making use of a 300W ENI 300 L RF amplifier. A Trilithic
H4LE35-3-AA-R high-power low pass filter (cut off frequency around
35 MHz) was used to suppress the “harmonics” of the '"H ENDOR
signals.

All the simulations were performed in an EasySpin based program
written in the MATLAB environment.** ENDOR spectra were
simulated using the “salt” routine and the frequency domain
calculations of HYSCORE spectra were simulated using the “saffron”
routine. Signals corresponding to the different nuclei were simulated
separately in order to reduce computing time.

Mossbauer Analysis. Mossbauer spectra were recorded on a
conventional spectrometer with alternating constant acceleration of
the y-source. The sample temperature was maintained constant in an
Oxford Instruments Variox cryostat. Isomer shifts are quoted relative
to iron metal at 300 K. Mdssbauer spectra were collected for frozen
aqueous solution samples (1—2 mM, 650 yL) at 160 K and fitted using
the program MFIT (written by Eckhard Bill, Max Planck Institute for
Chemical Energy Conversion) with Lorentzian doublets.

NRVS. Nuclear resonance vibrational spectroscopy (NRVS) of
[25Fe]y HydAl H,-CO and the precursor (Et,N),[*Fe,(adt)-
(CN),(CO),] were measured with a coldfinger helium cryostat
maintained at 10 K. The real sample temperatures were obtained by
the imbalance of the spectra and ranged from 40—60 K. NRVS
measurement was performed at SPring-8, BLO9XU and BL19LXU
using C beam mode. A high heat load LN2-cooled Si(1,1,1) double
crystal monochromators followed by a high resolution monochroma-
tors of Ge(4,2,2) and two Si(9,7,5) were used to achieve a 0.8 meV
energy resolution. The delayed nuclear and K, fluorescence were
measured with a 2 X 2 APD array, and processed with the associated
electronics.
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4.4.2 Supporting information

Spectroscopic investigations of [FeFe] hydrogenase maturated with

[>"Fe,(adt)(CN),(CO)]*

Ryan Gilbert-Wilson, Judith F. Siebel, Agnieszka Adamska-Venkatesh, Cindy C. Pham,
Edward Reijerse, Hongxin Wang, Stephen P. Cramer, Wolfgang Lubitz, Thomas B.
Rauchfuss

Experimental details

General considerations. Unless otherwise indicated, reactions were conducted using
standard Schlenk techniques or in a glovebox under an N, atmosphere at room temperature
with stirring. Elemental sulfur, 37% solution of formaldehyde, potassium metal, anthracene,
tetraecthyl ammonium cyanide and ammonium chloride were obtained from Aldrich and used
as received. Cylinders of carbon monoxide were obtained from SJ Smith and used as
received. ~'Fe metal powder was purchased from Isoflex and used as received. "*C
(150.6 MHz) spectra were acquired in a Varian UNITY Inova 600. ESI-MS data for

compounds were acquired using a Waters Micromass Quattro II spectrometer.

Synthesis of *’FeBr,: *’FeBr, was synthesized by modification of a literature procedure for
FeBr, synthesis.! *’Fe metal (501 mg, 8.80 mmol) and a small stirrer bar were transferred to a
Schlenk flask under an argon atmosphere. A septa and a needle with attached bubbler were
attached to the flask. Fresh concentrated hydrobromic acid (48%, 2.5 mL) was then
transferred to the flask by syringe resulting in hydrogen evolution. Once hydrogen evolution
had slowed the septa was replaced with a glass stopper and the flask was heated to 80 °C with
stirring for 2 hours. The solution was then allowed to cool to room temperature and methanol
(5mL) was added. The solvents were then removed under vacuum. The remaining
white/yellow solid was heated at 100 °C under a vacuum of 10 torr for 4 hours, with the end
point identified as the point when a piece of dry ice applied to the side of the flask did not
condense any methanol. Note: Previous tests with FeBr; indicated increased temperatures or
stronger vacuum led to sublimation of FeBr; out of the flask into the attached trap. The flask
was allowed to cool to room temperature under vacuum and then moved to the glovebox

where the pale yellow solid was collected to yield >"FeBr, (1.82 g, 8.40 mmol, 95% yield).
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Synthesis of 57Fe2S2(CO)6: Description in the main text.

Synthesis of *’Fe,(adt)(CO)g: *'Fe,(adt)(CO)s was synthesized by modification of a literature
procedure for Fe,(adt)(CO)g synthesis.2

(a) Aminomethylation reagent. Aminomethylation reagent was prepared fresh before use.
Ammonium carbonate (450 mg, 4.68 mmol) was placed under an argon atmosphere, followed
by the addition of THF (6 mL). The resulting suspension was stirred and heated to 60 °C, at
which point a septa and needle with bubbler were attached to the flask and a 37% solution of
formaldehyde was added (5.0 mL, 67 mmol) resulting in significant gas evolution. The

resulting clear solution was stirred at 60 °C and then allowed to cool to room temperature.

(b) "Fey(adt)(CO)s. *"Fe,S,(CO)s (180 mg, 0.524 mmol) in THF (10 mL) was cooled
to -77 °C. 1.07 mL of a 1 M solution of LiBEt;H (1.07 mmol) was then added dropwise,
inducing a color change to brown and eventually green. The solution was then allowed to
warm to -40 °C and stirred at -40 °C causing a color change to brown/red. The solution was
then cooled back to -77 °C and CF;COOH (85 pL, 1.14 mmol) was added dropwise over a
period of 10 minutes resulting in a color change to a lighter red. The solution was then
allowed to warm to room temperature and was then cannula transferred into the
aminomethylation solution which had been pre-chilled to 0 °C, causing a color change to
darker red. The solution was allowed to slowly warm to room temperature and stirred for 12
hours. The solvent was then removed under vacuum to leave a red and white residue. The
flask was refilled with argon and dichloromethane (10 mL) was added. From this point
manipulations were performed in air. The mixture was sonicated and the red solution
decanted. The residue was extracted again with dichloromethane (2 x 10 mL) and all extracts
were combined and filtered through celite. The solution was then evaporated under reduced
pressure to leave a bright red residue, which was subsequently extracted with a 4:1 mixture of
hexane:dichloromethane (3 x 2 mL) and chromatographed on a 2 x 30 cm silica gel column.
Elution with hexanes gave an orange first band which was identified by IR spectroscopy as
>"Fe,S,(CO)s (5 mg). Increasing the polarity to 4:1 hexane:dichloromethane gave elution of a
red second band which remains unidentified. A further slow shift in the polarity to an eventual
concentration of 1:1 hexane:dichloromethane led to elution of a bright red third band which
consisted of *"Fe,(adt)(CO)s (58.0 mg, 0.149 mmol, 28% yield). IR (pentane): ve=o = 2076
(s), 2036 (s), 2008 (s), 1990 (s), 1980 (m); *C NMR (600 MHz, ds-Toluene, 60 °C): & 208.03
(d, Je.re = 26.4 Hz, CO); 45.25 (s, CH>).

121



JOURNAL ARTICLES

Synthesis of (Et;N),[*'Fe,(adt)(CN),(CO)4]: (EtsN)o[*'Fea(adt)(CN)»(CO),4] was synthesized
by modification of a literature procedure for (Et4N)2[Feg(adt)(CN)z(CO)L;].3 [NEt4][CN]
(26.2 mg, 0.168 mmol) was dissolved in acetonitrile (1.5 mL) under a glove box atmosphere.
A solution of *’Fe,(adt)(CO)s (32.6 mg, 0.084 mmol) in acetonitrile (1.5 mL) was then added
to the flask with stirring leading to a small amount of CO evolution, once this ceased the flask
was sealed and allowed to stir for 10 hours. The solvent was removed under vacuum to give a
bright red solid. THF (2 mL) was then added and the mixture thoroughly agitated. The red
solid was then collected and washed again with THF (2 mL) and pentane (2 x 3 mL) before
drying to yield (Et;N):[*"Fe,(adt)(CN)»(CO)4] (50.1 mg, 0.078 mmol, 93% yield). MS ESI-
(m/z) 515.6 ((Et4N)[*"Fe,(adt)(CN),(CO)4]) IR (acetonitrile): ve=y = 2075 (m) ve=o = 1968
(s), 1924 (s), 1891 (s), 1873 (sh).

Mass spectrometry

A

505 510 515 520 525

lon Mass {amu)

Figure SI1. Negative ion mass spectrometry plot of the (Et;N)[Fex(adt)(CN),(CO),] (blue) and
(EtyN)[*"Fe,(adt)(CN),(CO),]" (red) ions overlaid.

Negative ion ESI mass spectrometry was used to confirm the successful incorporation of *’Fe
into (Et4N)[’'Fe,(adt)(CN)»(CO),]. This was achieved through a comparison with the
unlabeled cluster (Et4N);[Fey(adt)(CN),(CO)4]. The major ion detected was the
tetracthylamine-cluster ion pair with a single negative charge. As can be observed in Figure

S1 there is a clear 2 mass unit shift for the labeled cluster vs. the unlabeled cluster,
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demonstrating the shift from a sample containing largely *°Fe versus the labeled spectra which

contains °'Fe almost exclusively.

B3C NMR of *'Fe clusters
OoC CcO
OCu, 57| /s\\57| WCO oc, S'\S\ co
oc— 'Fe—i:s—Fet SN S
AN // O wyFe—"Fe,,
STFe OC\\/ \ICO
/_:‘ \ oC CO
= CO
OCoc Jeofe = 28.3 Hz
JC-Fe = 26.3 Hz
WNH
oc. S8 co

Jofe = 26.4 Hz

Chart S1. Iron sulfur carbonyl clusters synthesized with J¢ g, coupling constants.
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H,,-CO state preparation

FTIR spectroscopy was used to follow the preparation of the Ho-CO state of HydAl. FTIR
measurements were carried out using a Bruker IFS 66v/s FTIR spectrometer equipped with a
nitrogen cooled Bruker mercury cadmium telluride (MCT) detector. The spectra were
accumulated in the double-sided, forward-backward mode with 1000 scans (14 min) and a
resolution of 2 cm™ at 15 °C. Data processing was facilitated by home written routines in the
MATLAB™ programming environment.

The FTIR spectrum obtained from freshly maturated HydA1 with [*'Fex(adt)(CN)»(CO)4]*
exhibits a mixture of signals originating from all active and CO inhibited redox states (Figure
S2B). Upon oxidation of HydA1 with thionine (ratio 1:1) only a mixture of Hyx and Hox-CO
states is present (Figure S2C) that allows generating a pure Ho-CO state after flushing the
sample for 20 minutes with CO gas (Figure S2D).
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Figure S2. Normalized FTIR spectra recorded for the (Et;N),[*’Fe,(adt)(CN),(CO),] precursor (A) and HydAl
selectively labeled with *’Fe at the [2Fe]y; subunit of the H-cluster (B-D) recorded at 15 °C. (B) as obtained from
maturation, (C) oxidized with thionine, (D) oxidized with thionine and flushed with CO gas.
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Selective °’Fe-labeling of the [4Fe-4S]y cluster

For activity measurements, [Fe,(adt)(CN),(CO)4]* was added to reconstituted unmaturated
HydAl as described carlier.* Reconstituted HydA1l maturated with [Fex(adt)(CN)»(CO)s]*
showed an H, oxidation activity of 136 + 2 s as observed before for as-isolated HydAl
maturated with [Fe,(adt)(CN),(CO)4]*.* Figure S3 shows the UV spectrum of as-isolated
unmaturated HydA1 before any treatment (blue) and after unfolding (green). Unfolding leads
to absence of the broad absorption shoulder from 300-550 nm, clearly showing the absence of
any [4Fe-4S]y cluster. After reconstitution with 3 7FeC13 and Na,S followed by desalting, the
absorption of the [4Fe-4S]y cluster is re-established (red). As shown in the Figure S4 the EPR
signal of as-isolated unmaturated HydAl in the presence of sodium dithionate (blue) is

characterized by the same g-values as reconstituted unmaturated HydA1 (red) under the same

conditions.
—— as-isolated unmaturated HydA1
83 after unfolding
—— “Fe-reconstituted unmaturated HydA1
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Figure S3. UV spectrum of as-isolated unmaturated HydA1 (blue), after treatment with 6 M guanidium chloride
(green) and *’Fe-reconstituted unmaturated HydA1 (red). The spectra were measured in 100 mM Tris/HCI, pH
8.0 and 150 mM NaCl at room temperature using an Ocean Optics USB2000+XR1-ES, equipped with a DH-
MINI Deuterium Tungsten Halogen Source.
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Figure S4. X-band CW EPR spectra of as-isolated unmaturated HydA1 (blue) and reconstituted unmaturated
HydA1 (both reduced with 10 mM sodium dithionate). The experimental conditions are as following: 40 dB
attenuation, vy, 9.65 GHz, time constant 40.96 ms, conversion time 81.92 ms, modulation amplitude 0.5 mT,
modulation frequency 100 kHz, temperature 10 K.
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EPR spectroscopy

Table S1. Principal values of the >'Fe hyperfine tensor of the H-cluster of [FeFe] hydrogenase

in the Ho-CO state

A A A Al o e e e
o CI.
(MHz) (MHz) (MHz) (MHz) !
Fe' 2.2 5.5 5.5 4.4+0.3 0 0 0
Fe’ -1.7 2.8 2.8 1.3£0.3 0 30 90
Fe’ 29.9 35.1 25.1  30.0+0.2 8 0 0 .
4 this work
Fe 312 37.3 312 33.2+02 0 0 0
Fe’ 28.6 24.7 30.8 28.0£02 110 0 0
Fe® 23.5 29.6 29.8  27.6+0.2 20 0 0
Fe, 22 4.5 5.3 4.0+0.1 110 25 44
Feq .17 +2.1 +2.1 0.8+0.1 0 30 90
Fe’ -30.4 350 354 33.6+0.15 90 185 0 D
Fe* -30.7 384 345 34.5+0.2 90 5 0
Fe’ +30.3 +21.8  +27.8  26.7+0.2 6 110 0
Fe® +302 4238  +26.7 27.0£0.2 76 93 0
Fe! -6.85 -6.85 -6.85 6.85+2
Fe? 0 0 0 0 D.
Pair'  -30.95 -38.35 -32.19 33.842.7 vulgaris®
Pair’  +27.94 +29.45 +431.50 29.6+1.35
Fe'+Fe” (9.5
Pairl +25.3 Cpl’
Pair2 -28.3

In this work the signs of the hyperfine couplings were not determined. Rows indicated in blue present values
assigned to the [2Fe]y cluster and in green to the [4Fe-4S]y cluster. The most important parameter for
comparison | Aiso| is marked in orange.
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Mossbauer spectroscopy

When compared to simulation 1 (Figure 4B), simulation 2 (Figure S5) has more similar
quadrupole splitting (AEp2(1) = 0.77 mm/s, AEp2(2) = 0.60 mm/s ) while the difference in
isomer shifts (62(1) = 0.21 mm/s, 62(2) = 0.04 mm/s) is larger.

Table S2. Mossbauer parameters

spectrum component 0 (mm/s) AEq linewidth relative
p P (mm/s) (mm/s) | intensity (%)
[4Fe-4S]u 0.42 1.04 0.57 64
Figure 4A.
[4°"Fe-4S|y | Fe(Il) impurity 1.33 2.80 0.46 8
H,-CO , ,
FeS impurity 0.60 2.55 2.39 28
Figure 4B. [2Fe]y Fel 0.16 0.89 0.41 46
[2°Felu
H,,-CO [2Fe]y Fe2 0.08 0.55 0.31 46
simulation 1 Fe(I) impurity 1.32 2.83 0.81 8
Figure S5. [2Fe]y Fel 0.21 0.77 0.40 45
[2°Felu
H,,-CO [2Fe]y Fe2 0.04 0.60 0.31 45
simulation 2 Fe(Il) impurity 1.15 3.18 0.71 10
Figure 4C. [2Fe]y Fel 0.16 0.89 0.41 16
simulations
[25Fe]y + [2Fe]y Fe2 0.08 0.55 0.31 16
[4°"Fe-4S]u
H,,-CO [4Fe-4S]u 0.42 1.04 0.57 68
[4Fe-4S]n 1 0.44 0.95
Pereira et al.®
(45 Fe-4S]y + [4Fe-4S]y 2 0.41 0.98
[2°Fe]n 2Fely Fel 0.17 0.70
H,.CO [2Fe]n . .
[2Fe]n Fe2 0.13 0.65
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Figure S5. Mdssbauer spectrum and simulation of Ho,-CO HydAl selectively labeled with *'Fe at the [2Fe]y
subunit measured at 160 K. Shown here is the second possible simulation 2. Simulation 1 is shown in Figure 4B
in the main text.
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Nuclear resonance vibrational spectroscopy (NRVS)

NRVS spectra are used to identify the vibrational modes associated with all *’Fe sites. Fe-CN
modes are generally found in the 400-500 cm™ region of a NRVS spectrum. The NRVS
spectrum for (Et;N),[>"Fea(adt)(CN),(CO)4] displays two clear features in this region at 415
and 434 cm™, and the NRVS spectrum of [2°'Fe]y HydA1 Ho-CO displays two features at
437 and 446 cm™ . These features are assigned as Fe-CN modes and are the contributions from
Fe-CN stretches and Fe-C-N bends. The clear blue shift of the Fe-CN modes upon
incorporation of the precursor into the enzyme is indicative of either a strengthened Fe-CN
bond, which increases the Fe-CN stretch energy, or a contribution from a higher energy
Fe-C-N bend. As the veoy for (EtsN)a[*Fey(adt)(CN)2(CO)4] (2055 cm™) is lower in energy
than the ve=n for Ho-CO (2090 and 2082 cm'l, see Figure S2) the Fe-CN bond should be
weaker when incorporated into the enzyme. This would be consistent with the one electron
oxidation upon insertion resulting in less m back-bonding from the metal into the n* orbitals
of the cyanide ligand. The higher Fe-CN mode energy must therefore be assigned to an
increase in the energy of the Fe-C-N bends upon enzyme incorporation. The known hydrogen
bonding of the cyanide ligands to the conserved lysine and serine residues in the enzyme
active site (Lys358 and Ser232 in the [FeFe]-hydrogenase from Clostridium pasteurianum,
Cpl)* would explain this restriction and hence the energy increase in the Fe-CN modes.

Fe-CO modes are generally found in the 490650 cm™ region of an NRVS spectrum. The
NRVS spectrum for (Et;N),[>'Fe,(adt)(CN),(CO)4] displays six peaks in the region of 490—
650 cm™ (at 516, 532, 576, 582, 603 and 653 cm™ respectively). Fe-CO modes are at higher
energy than the Fe-CN modes. This is as a result of strong © back-bonding from the iron to
the n* orbital of the carbonyl ligand resulting in the Fe-CO having a more linear symmetry
and hence higher energy.” The NRVS spectrum of [2°'Fe]y HydA1 Ho-CO displays seven
features in this region at 500, 530, 548, 557, 574, 587 and 603 cm’'. It is notable that the
Fe-CO modes are (on average) red shifted upon incorporation of the precursor into the
enzyme. This is consistent with a one electron oxidation of the [2Fe]y subcluster, which
results in less m back-bonding from the metal into the n* orbitals of the carbonyl ligand. It
should also be noted that the redox change also causes a change in structure and symmetry of
the molecule, thus causing the Fe-CO modes to red shift in the Hox-CO spectra. This was also
observed in Pyrococcus furiosus D14C ferredoxin.'® Thus, the lines in the 500-600 cm™
region correspond to symmetric and asymmetric stretching modes. The small features in the
spectra at 557 and 587 cm’' are representative of the in-plane and out-of-plane bending

modes.
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Fe-Fe (stretching and bending) bonds have previously been observed between 200-300 cm™
for Fe-Fe model complexes, and (Et;N),[*'Fea(adt)(CN)2(CO),] has a notable feature at 195

cm’'. This feature is also observed in the [57Fe]H HydA1l Hy-CO enzyme at 197 cm™.

-1 10

Features below 100 cm™ are indicative of the Fe-S cluster torsional modes.'!
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5 CONCLUSIONS & OUTLOOK

In this work, the heterologous protein overexpression in E. coli of the hydrogenase HydA1
and its natural electron donor PetF from Chlamydomonas reinhardtii were established and
optimized for high yields. In the following, the proteins were investigated by different
spectroscopic and biological methods.

The concept of the direct artificial maturation,® which was discovered in the period of this
thesis, opens new possibilities to study [FeFe]-hydrogenases. For example, the incorporation
of non-native cofactors into unmaturated HydA1 has been probed and the catalytic activity of
the resulting artificial hydrogenases was determined with the aim to better understand the
function of HydA1 (paper I).! In this work, 15 different synthetic iron complexes were tested
for incorporation of which 10 could be successfully inserted. It could clearly be shown that
small changes in the active site, e.g. substitution of one single atom, lead to a dramatic
decrease of the catalytic H, conversion activity. It is concluded that by changing the binuclear
[2Fe]-subsite, the perfect interplay between the cofactor and the protein surrounding is
disrupted. Since the enzymes have developed and evolved over millions of years, this result is
not surprising. Hence, engineering of the [2Fe]-subsite alone is not a promising approach for
improving hydrogenase activity. Clearly, a concerted strategy changing the cofactor in
combination with alterations of the amino acid surrounding is necessary.

The direct artificial maturation also opens the possibility to produce native-like HydAl
specifically isotope-labeled. The power of the method is shown in paper IV:* incorporation of
[*"Fe,(adt)(CN),(CO)4]*” into unmaturated HydAl introduces >’Fe into the protein. The
labeling allows investigations at the central nuclei by various spectroscopic techniques like
Mossbauer, NRVS, ENDOR and HYSCORE. Furthermore, the second H-cluster component,
the [4Fe-4S]-cluster, was successfully 'Fe-labeled. Paper IV* demonstrates the selective

labeling for one enzyme state, but it can be expanded to any other state. Apart from
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*"Fe labeling, it is possible to label the active site with °C and "’N.**!"* These investigations
help to yield better insight into the electronic structures of the catalytic intermediates.

Paper II* and III focus on in vivo engineering approaches to enhance H, production activity
in Chlamydomonas reinhardtii. In vivo, hydrogenase activity is diminished, because electrons,
which are necessary for H, production, are delivered from the natural electron donor PetF
mainly to FNR, not to HydAl. Weakening the FNR-PetF interaction could lead to an
increased H, production of HydAl. Indeed, by identification and substitution of amino acid
residues of PetF that are only important for FNR binding, an increased catalytic activity of
HydA1l in the presence of FNR was achieved in a light-dependent H, production assay
(paper I).2 Due to a lack of crystal structures of C. reinhardtii PetF and the PetF-HydAl
complex, other ways must be found to investigate the PetF-HydA1 interaction. Therefore, a
PetF NMR solution structure was determined. Furthermore, by substitution of the
paramagnetic irons in PetF, which impede NMR spectroscopic investigations, with
diamagnetic gallium, the whole PetF-HydA1 interface was identified. This served as basis for
the calculation of a PetF-HydA1 docking model (paper II1).> The results presented in paper 11
and paper III provide the possibility to a knowledge based amino acid substitution in PetF that
lead to an increased in vivo H, production rate of HydAl. Combined with other metabolic
engineering approaches, e.g. modified C. reinhardtii strains, this knowledge can be used as
basis for the design of Hj-producing organisms. In principle, C. reinhardtii is a suitable
choice for an H,-producing organisms since it photosynthetically produces H, and since it is a
widely used model organism™ of which the complete nuclear genome sequence is known.'"*
However, a limiting factor is that C. reinhardtii remains a difficult platform for conducting
genetic alterations, because there is still a lack of tools for targeted gene insertion in green
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algae. "~ Therefore, further developments in the microbiological field are necessary in order to

apply the gained knowledge to increase biological hydrogen production in C. reinhardtii.
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In summary, engineering an H,-producing organism has the advantage over using the isolated
hydrogenase as catalyst that improving the H, production activity in vitro seems more
difficult. Furthermore, the high oxygen sensitivity of the hydrogenase causes problems. Even
though the hydrogenase within the organism is also oxygen sensitive, it is more protected than
the isolated hydrogenase. Additionally, the isolated hydrogenase is irreversibly damaged by
oxygen, whereas in the organism, there can be repair mechanisms or an upregulated
hydrogenase production. On the other hand, systems can be developed that protect the isolated
hydrogenase. In 2014, Plumeré et al. showed that a specifically designed viologen-based
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redox polymer can protect hydrogenases from oxygen damage.”” Based on the detailed

enzymatic understanding of hydrogenases, another possibility for future H, production is the
development of chemical bioinspired models as catalysts.®'"”

Altogether, there has been good progress in understanding hydrogenases, but for a

technological, large-scale application, still further development is necessary.
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