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Summary

Summary

Enzymes are the biological macromolecular catalysts of life, which work with high substrate
specificity, under fine-tuned conditions compared to chemical catalysts. The majority of the
catalytic centres of enzymes are located deeply within the protein matrix. To provide efficient
substrate accessibility to the active site most proteins offer permanent or transient tunnels as
transport pathways. In this thesis, the substrate tunnels of the O2-tolerant membrane-bound
[NiFe] hydrogenase (MBH) from the B-proteobacterium Ralstonia eutropha (Re) and the
lipoxygenase (LOX) from the human pathogen Pseudomonas aeruginosa (Pa) are studied with
protein X-ray crystallography, novel gas-pumping techniques for protein crystal derivatisation,
molecular dynamics (MD) simulations, computational tunnel calculations, site-directed

mutagenesis as well as basic structure ligand modelling.

Hydrogenases play an important role in the search for clean energy technologies as they are
catalysing the reversible oxidation of hydrogen into protons and electrons. Especially, ReMBH
with its remarkable feature of O, tolerance came into research focus as part of enzymatic fuel
cells. A significant interest of this research is to understand the structural features leading to
Os tolerance. A unique [4Fe3S]-cluster found in ReMBH plays a major role in maintaining the
catalytic activity under ambient oxygen level. A different approach might be the impact of the
characteristics of the substrate pathway. The X-ray crystallography structures of krypton and
O, derivatised ReMBH crystals revealed two distinct gas tunnels connecting the protein
exterior with the [NiFe] active site. 15 identified krypton atom positions allowed a
comprehensive description of the tunnel positions as well as a cavity for possible gas storage.
Several molecular oxygen sites have been found within that substrate pathway system, proving
that O, the inhibitor of O»-sensitive hydrogenases, travels through the same hydrophobic
tunnels. The ReMBH tunnels were further inspected by computational characterisation with
the program Caver 3.0. The tunnel features of ReMBH were compared with other O>-tolerant
and O»-sensitive hydrogenases uncovering a difference in tunnel quantity and size between the
two groups. The variations of the tunnel network might influence the gas diffusion rates, thus
O: tolerance. The crystallography results were accompanied with molecular dynamics (MD)
simulations finding the same routes as proposed from the crystal structures. These outcomes
show only small differences between static and dynamic protein conditions, further supporting
the results from the comparative study between O»-sensitive and O»-tolerant hydrogenases

showing variations in the quantity of tunnels. Further experiments based on site-directed
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mutagenesis and computational studies might shed a detailed light on the role of the

hydrophobic substrate tunnels in O> tolerance.

LOXs are enzymes catalysing the peroxidation of polyunsaturated fatty acids (PUFAs) into
their hydroperoxy products. Eukaryotic LOXs are well studied and play a role in immune
response, tumorigenesis and reproduction in animals or seed germination and pest resistance
in plants. However, only in a small amount of bacteria (< 0.5 %) LOX genes have been
detected, leading to the question of their role in bacterial life. Apparently, bacterial LOXs have
no influence in bacterial survival, but seem to improve the ability for bacteria to adapt to a wide
range of environments. In this thesis, the structural characteristic of the substrate tunnel of Pa-
LOX and an Ala420Gly mutant have been examined with protein X-ray crystallography and
computational calculations. The first structure of a bacterial Pa-LOX has been solved in 2013
showing a structural difference in domain composition compared to the eukaryotic LOX. The
two additional lid-helices in Pa-LOX expand the sn-1 cavity by a second (sn-2) cavity. A
conserved feature with in the LOXs is the U-shaped sn-1 cavity, which orients the functional
unit of the substrate close to the catalytic centre. The sn-2 cavity in Pa-LOX enables the enzyme
to bind phospholipids as found in Pa host membranes. Spectroscopic studies indicate that Pa-
LOX, as most LOXs, follows the Ala-Gly concept and in the wild-type form is classified as
arachidonic acid 15S-LOX. However, the Pa-LOX Ala420Gly mutant shows dual regio- and
stereospecificity with the formation of 15S- and 11R-hydroperoxide. Alanine at a critical
position at the active site is assigned to LOX with S-configuration, whereas R-LOX carry a
glycine. In this study, the structural alteration associated with the Ala-Gly amino acid exchange
within the Oz access tunnel of Pa-LOX is presented. Removal of the blocking alanine side chain
leads to a widening of the substrate tunnel and giving Oz additional access to the fourth position

of the 1,4-pentadiene moiety.
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Zusammenfassung

Zusammenfassung

Enzyme sind makromolekulare Biokatalysatoren und im Vergleich zu chemischen
Katalysatoren arbeiten sie mit hoher Substratspezifizitit, unter spezifisch angepassten
Bedingungen. Die meisten katalytischen Zentren in Enzymen sind tief in der Proteinmatrix
verborgen. Damit die Substrate das aktive Zentrum erreichen kdnnen, bilden ein GroBteil dieser
Proteine permanente oder transiente Tunnel als Transportwege aus. In dieser Dissertation
werden flir Substrate zugidngliche Tunnel der sogenannten sauerstoff-toleranten, membran-
gebundenen [NiFe] hydrogenase (MBH) von dem B-Proteobakterium Ralstonia eutropha (Re)
und der Lipoxygenase (LOX) von dem humanen Pathogen Pseudomonas aeruginosa (Pa) mit
Hilfe der Rontgenkristallographie, Molekulardynamik-Simulationen (MD),
computergestiitzten =~ Tunnel-Berechnungen, = molekular-biologischen =~ Untersuchungen

(Punktmutationen) und Proteinliganden-Modellierungen untersucht.

Hydrogenasen katalysieren die umkehrbare Reaktion von Wasserstoff in Protonen und
Elektronen und spielen eine wichtige Rolle in der Suche nach erneuerbaren Energien. Speziell
die sauerstoff-tolerante ReMBH gelangte in den Fokus der Forschung von enzymatischen Bio-
Brennstoffzellen. Ein bedeutendes Interesse gilt dem Verstindnis der strukturellen
Eigenschaften der ReMBH im Zusammenhang mit ihrer Sauerstofftoleranz. Ein neu entdeckter
bisher einzigartiger Eisen-Schwefel-Cluster ([4Fe3S]-Cluster) der ReMBH spielt eine
entscheidende Rolle in der Aufrechterhaltung der katalytischen Aktivitit unter
atmosphérischen Sauerstofflevel, das sich sonst oft schidigend auf diese Enzyme auswirkt.
Weiterhin konnen auch Substratwege im Protein die Sauerstofftoleranz in Hydrogenasen
beeinflussen. Die Proteinkristallstrukturen von Krypton- und Sauerstoff-derivatisierten
Kristallen, die im Rahmen dieser Arbeit gelost wurden, offenbarten zwei eindeutig zu
verfolgende Gastunnel, welche die Proteinoberfliche mit dem aktiven [NiFe] Zentrum
verbinden. 15 in der Struktur identifiezierte Krypton-Atompositionen ermoglichten eine
umfassende Beschreibung der Tunnelwege und zeigten aullerdem einen Proteinhohlraum, der
moglicherweise der Speicherung von Substraten und Gasmolekiilen dient. Die in den Tunneln
gefundenen Sauerstoffpositionen bestétigen, dass Sauerstoff vergleichbare Wege benutzt wie
Krypton. Die ReMBH Tunnel wurden zusitzlich mit Tunnel-Berechnungen im Programm
Caver 3.0 charakterisiert. Die Grof3e, Lage and Anzahl der ReMBH Tunnelnetzwerke wurden
mit weiteren sauerstoff-toleranten und sauerstoff-sensitiven Hydrogenasen verglichen. Die

Ergebnisse zeigten Unterschiede in der Tunnelanzahl und -groBe zwischen den beiden
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Gruppen. Die Abweichungen im Tunnelnetzwerk konnten die Gasdiffusionsraten und somit
die Sauerstofftoleranz beeinflussen. Die MD-Simulationen bestitigten die in den
Kristallstrukturen der ReMBH gefundenen Transportwege. Diese Ergebnisse zeigten nur sehr
geringe Unterschiede zwischen statischen und dynamischen Proteineigenschaften und
unterstiitzen die Aussage der Vergleichsuntersuchungen zwischen sauerstoff-sensitiven und
sauerstoff-toleranten Hydrogenasen zu den unterschiedlichen Tunnelanzahlen. Zukiinftige
experimentelle Mutations- und theoretische Computersimulationsexperimente konnen
moglicherweise eine noch detaillierte Beschreibung iiber die Rolle der hydrophoben

Substrattunnel in der Sauerstofftoleranz dieser Enzyme geben.

Lipoxygenasen sind Enzyme, welche die Peroxidation von mehrfach ungeséttigten Fettsduren
in Hydroperoxide katalysieren. Eukaryotische LOX sind umfangreich untersuchte Enzyme und
spielen eine Rolle in der Immunantwort, der Tumorgenese und der Reproduktion bei Tieren
oder in der Keimung und der Schiadlingsabwehr bei Pflanzen. Jedoch wurden nur sehr wenige
Gene in Bakterien (< 0.5 %) fiir die Expression von LOX gefunden. Dies fiihrt zu der Frage
inwiefern LOX iiberhaupt eine Rolle fiir das Leben von Bakterien spielt. Anscheinend haben
LOX keinen Einfluss auf das Uberleben von Bakterien, verbessern jedoch die
Anpassungsfahigkeit von Bakterien an ein weites Spektrum von Lebensrdumen. In dieser
Dissertation werden die strukturellen Eigenschaften der Substrattunnel von Pa-LOX sowie
einer Ala420Gly Mutante mittels Rontgenkristallographie und Computerberechnungen
untersucht. Die erste Proteinkristallstruktur der bakteriellen Pa-LOX wurde in 2013 gel6st und
zeigte strukturelle Unterschiede in der Zusammensetzung der Proteindoménen im Vergleich
zu eukaryotischen LOX. Die zwei zusitzlichen Helices, die wie ein Deckel {iber der Substrat-
Bindungstasche fungieren, erweitern den Substrat-Hohlraum (sn-1) um einen zweiten
Hohlraum (sn-2). Der sn-1 Hohlraum ist in den meisten LOX hauptsidchlich U-férmig und
orientiert das Substrat in die Ndhe des katalytischen Zentrums. Der Pa-LOX sn-2 Hohlraum
ermoglicht die Bindung von z.B. Phospholipiden wie sie in den Membranen der Pa-Wirte
vorkommen. Spektroskopische Untersuchungen deuten darauf hin, dass Pa-LOX wie die
meisten LOX, dem sogenannten Ala-Gly Konzept folgt. Pa-LOX wurde auBerdem als
Arachidonsdure-155-LOX eingestuft. Untersuchungen der Pa-LOX Ala420Gly Mutante
zeigen hingegen eine duale Regio- und Stereospezifitit. Die Mutante bildet die beiden Produkte
15S8- und 11R-Hydroperoxid aus. Alanin befindet sich an einer entscheidenden Position in der
Néhe des aktiven Zentrums und wird der LOX mit S-konfiguration zugeschrieben, wohingegen

bei R-LOX ein Glycin an der gleichen Stelle sitzt. In dieser Arbeit werden die strukturellen
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Veranderungen am Sauerstoffzugangstunnel in Pa-LOX, die durch den Ala-Gly
Aminosdureaustausch entstehen, gezeigt. Die Entfernung der blockierenden Alanin-
Seitenkette O0ffnet den Tunnel und macht zusdtzlich die vierte Position der funktionellen

Gruppe fiir Oz zugénglich.
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Hydrogenases

Introduction & Motivation

1 Hydrogenases

The conflict between the steady increase in energy demands and the decrease in availability of
fossil fuels requires the implementation of renewable energy technologies. For this purpose,
hydrogen is considered the most promising zero-emission fuel on earth. The technical
production of hydrogen is still coupled to the generation of CO, through processes like steam
reforming. Therefore, an enzymatic approach is an extremely interesting alternative to existing
techniques. Enzymatic hydrogen production can be performed by hydrogenases, e.g.
photocatalytic from light and water.! A different strategy is the energy production through
electrocatalysis in enzymatic biofuel cells.! To setup an enzymatic process of hydrogen based
energy production several aspects need to be considered e.g. catalytic efficiency, protein
stability and O» tolerance. The research of structure-function relationships of hydrogenases can
promote this goal. In this thesis, I will focus on the important feature of O tolerance in

hydrogenase metallo-enzymes.

Hydrogenases are multi-subunit metallo-enzymes that catalyse the reversible oxidation of

dihydrogen into protons and electrons.

Equation 1

H,=H +H"=2H* + 2e”
Hydrogenases are present in all three domains of life, mainly bacteria and archaea, but can also
occur in some eukaryotes. They can be found as either soluble or membrane-bound form in the
cytoplasm or periplasm of the organism. Many microorganisms make use of different
hydrogenases to either catalyse H> oxidation to gain energy for metabolic processes or H»

evolution for the removal of reducing agents, depending on the demand of the cell.?

1.1 Active site

Hydrogenases can be characterized by the specific metal ions forming the catalytic centre and
are class-divided into [Fe], [FeFe] and [NiFe] hydrogenases including the subgroup of
[NiFeSe] hydrogenases. The members of the class of [Fe] hydrogenases catalyse a crucial step
of methanogenesis in hydrogenotrophic archaea.® The iron atom in [Fe] hydrogenases (Hmd)

is coordinated by a cysteine, two CO ligands, one iron-guanylylpyridinol cofactor and one
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“unknown” ligand, which is not shown in the structure in Figure 14.* The [FeFe] hydrogenases
are mostly involved in H» evolution under strictly anaerobic conditions. The bimetallic iron-
only active site (2Fen) is coordinated by three CO ligands, two CN ligands, a dithiolate-bridge
and a cubane cysteine-linked [4Fe4S]-cluster (Figure 1C).> Both components are termed H-
cluster. [NiFe] hydrogenases catalyse the energy-yielding oxidation of H>. Here, the iron atom
is bound to three inorganic ligands, two CN™ and one CO, and is bridged via two cysteines to
the nickel atom, which is further coordinated by two terminal cysteine residues (Figure 1B).° In
the [NiFeSe] hydrogenase subgroup one terminal cysteine is exchanged by a seleno-cysteine

compared to the [NiFe] hydrogenases and they conduct a high H> evolution activity (Figure

D).
A [Fe] hydrogenase B [NiFe] hydrogenase
PDB entry 3F47 PDB entry 3RGW
Methanocaldococcus jannaschii Ralstonia eutropha

iron-guanylylpyridinol cofactor

C [FeFe] hydrogenase D [NiFeSe] hydrogenase
PDB entry 3C8Y PDB entry 1CC1
Clostridium pasteurianum Desulfomicrobium baculatum

seleno-
cysteine

B [4FedS] @
cluster |

Figure 1: Overview of active sites of the four hydrogenase classes. All active sites are presented in ball/stick
representation. Fe ions are coloured in orange. Ni is depicted in green. Oxygen, nitrogen and sulfur atoms are
shown in red, blue and yellow, respectively. Carbon atoms are grey spheres. (A) The iron ion in [Fe] hydrogenases
is coordinated by one cysteine, two CO ligands and one iron-guanylylpyridinol cofactor. (B) In [NiFe]
hydrogenases the Ni and Fe are bridged by two cysteines. Further, the Ni is coordinates by two terminal cysteines,

2
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whereas the Fe ion is linked to three inorganic ligands (2x CN°, 1x CO). (C) The H-cluster in [FeFe] hydrogenases
is composed of a 2FeH-site coordinated by three CO ligands, two CN- ligands, a dithiolate-bridge and a cubane
cysteine-linked [4Fe4S]-cluster. (D) In [NiFeSe] hydrogenases one terminal cysteine is exchanged by a seleno-
cysteine compared to [NiFe] hydrogenases.

For a biotechnological setup, the [FeFe] hydrogenases are very promising due to the higher H»
turnover rates compared to [NiFe] hydrogenases.® However, [FeFe] hydrogenases get
irreversibly inactivated even by traces of molecular oxygen, whereas a small subgroup of
[NiFe] hydrogenases evolved the remarkable feature of O: tolerance.”!® Understanding how
the structure and function of the different hydrogenases are correlated will help to engineer an

enzymatic setup for H, production under ambient oxygen level.

1.2 Four hydrogenases of ReMBH

Intriguing enzymatic examples are the four O»-tolerant [NiFe] hydrogenases expressed by
Ralstonia eutropha, a B-proteobacterium found in soil and fresh water (Figure 2). Each of the
four hydrogenases belong to a different phylogenetically group. The membrane-bound [NiFe]
hydrogenase (ReMBH) belongs to group 1 (membrane-bound uptake hydrogenases) and is an
energy-generating hydrogenase.? The regulatory hydrogenase (ReRH) acts as hydrogen sensor
and regulates the gene expression for hydrogenase synthesis.!!!* It belongs to the phylogenetic
group 2b of cytoplasmic Hx-sensing hydrogenases. The soluble NAD"-reducing hydrogenase
(ReSH) is assigned to the group 3d, the bidirectional NAD(P)-linked hydrogenases.? The ReSH
reduces NAD" to NADH by oxidising H>.!*!* Recently, a group 5 (re-classified into group 1h)
high-affinity hydrogenase has been found in Ralstonia eutropha (ReAH).'®!” The
actinobacterial-type hydrogenase catalyses H> uptake under H> atmospheric level, whereas the
majority of [NiFe] hydrogenases can only oxidise H, at higher concentrations.!®!*** The
ReMBH and its exceptional feature of O, tolerance will be elaborated in more detail in this
thesis and compared with other O»-tolerant (Escherichia coli (EcHyd-1), Hydrogenovibrio
marinus (Hm), and Salmonella enterica (Se)) and Oz-sensitive [NiFe] hydrogenases
(Desulfovibrio gigas (Dg), Desulfovibrio desulfuricans (Dd), Desulfovibrio vulgaris (Dv),

Desulfovibrio fructosovorans (Df), Allochromatium vinosum (Av)).

(9%
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Figure 2: Overview of the different subunits of all four [NiFe] hydrogenases expressed in Ralstonia
eutropha. (A) The MBH is composed of three subunits. The large subunit (HoxG, orange square) encloses the
[NiFe] active site. The small subunit (HoxK, blue square) has three [FeS]-clusters (yellow-orange balls) and is
linked to the third subunit (HoxZ, grey square), a membrane integral cytochrome b. The membrane is depicted as
paired chains of beads. (B) The RH consists of three subunits. A large subunit (HoxC, orange square) with the
active site and small subunit (HoxB, blue square) with the electron relay as found in MBH and a histidine protein
kinase as third subunit (HoxJ, grey square). (C) The SH possibly consists of two functional modules: (i) a
hydrogenase dimer composed HoxH with the [NiFe] active site and HoxY with a flavin mononucleotide (FMN)
cofactor, (ii) a NADPH-dehydrogenase dimer composed of HoxU with an [FeS]-cluster electron relay and HoxF
with another [FeS]-cluster plus a FMN cofactor. Further, a HoxI subunit is bound to the dehydrogenase domain
potentially providing a specific binding domain for NADPH. (D) The AH is composed of three subunits. A large
subunit (HofG, orange square) harbouring the [NiFe] active site, a small subunit (HofK, blue square) with the
[FeS] electron relay and a yet unknown electron acceptor (grey square).

ReMBH consists of a large subunit (HoxG) containing the deeply buried [NiFe] active site,
where hydrogen splitting occurs, a small subunit (HoxK) with three [FeS]-clusters serving as
electron relay to connect the catalytic centre with the third subunit, a membrane integral
cytochrome bss> (HoxZ).%*' The small subunit is embedded into the membrane via a helical
anchor (Figure 2). The [FeS]-clusters in the small subunit are located proximal, medial and distal
to the catalytic centre and are composed of [4Fe3S], [3Fe4S] and [4Fe4S], respectively.?? Oo-
sensitive hydrogenases contain a [4Fe4S]-cluster at the proximal position of the electron relay
compared to the [4Fe3S]-cluster in ReMBH , which will be shown in the results, is an important
element for O tolerance.?® In the structural studies the catalytically active ReMBH heterodimer

lacking cytochrome bss> was applied.
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1.3 Mechanism

The enzymatic course of action for the O»-tolerant ReMBH involves two operational steps. H»
is oxidized to protons and electrons during the catalytic cycle (Figure 3). Protons are transported
to the protein surface via protonatable amino acids and water molecules.?* Electrons are guided
through a relay composed of several iron—sulfur clusters to the respiratory chain.® During this
cycle the catalytic centre alternates between the two active redox states, Ni,-C and Ni,-S. In
the Ni,-C state the nickel and iron are bridged through a hydride ligand. In the event of O;
approach a putative hydroxyl ligand is bridging the Ni and Fe ion in the inactive Ni-B state
and an additional reaction is proposed to occur at the [NiFe] active site. In this reactivation
cycle, electrons are redirected from the electron relay to reduce Oz with the aid of protons to
H>0O, which then is released to the protein surface through a nearby water channel (Figure 3).
This step is coupled to a structural change in the proximal [4Fe3S]-cluster, which is a crucial
feature of the O; tolerance. Under aerobic conditions the [4Fe3S]-cluster can undergo two
redox transitions within a physiological potential range and transfers a second electron to the
active site. In this two-electron mode one iron ion (Fe4) changes its binding partners (iron
shift).?? In comparison, the cubane [4Fe4S]-cluster of O.-sensitive hydrogenases does not
allow the structural modification and can only deliver one electron to the active site. The
[4Fe3S]-cluster is linked to the protein backbone via six cysteines, whereas the [4Fe4S]-cluster
is coordinated by four cysteines. The iron shift is supported by the two additional cysteines

during the reactivation cycle.

The crystal structures available so far for ReMBH®?? revealed plausible pathways for electron
transport and water release, while both the proton pathways and gas transport routes remained
largely undefined. Efficient gas transport to the deeply buried active site requires a tunnel that

connects the protein exterior with the catalytic centre.?®
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Figure 3: Catalytic and reactivation cycle of ReMBH. The active site in the three redox states as well as the
proximal [4Fe3S]-cluster are shown as ball/stick. In the catalytic cycle hydrogen gets oxidised to protons and
electrons at the active site. The active site redox states change between the active Ni,-C and Ni,-S. The electrons
are transferred to the [FeS]-clusters. Additionally, under aerobic conditions the reactivation cycle takes place. The
inactive Ni,-B state of the active site includes a bridging hydroxyl ligand. Electrons are redirected from the [FeS]-
clusters to the active site, O is reduced to H,O and the active site regains the catalytically active state Ni,S.°

1.4 Oxygen tolerance

All four hydrogenases of Ralstonia eutropha have evolved the remarkable feature of O2
tolerance, however, they seem to use different strategies to prevent O related inhibition.
Mutation experiments of ReRH and RH from Rhodobacter capsulatus (RcRH) revealed that
the bulky residues isoleucine and phenylalanine, gating the [NiFe] active site, limit the
accessibility of molecular oxygen to the catalytic centre. Mutations of the gate amino acids to
valine and leucine, found in O»-sensitive hydrogenases, led to O sensitivity in ReRH and
RcRH.!'!?6 It has also been proposed that the standard [NiFe] active site of RH itself is sensitive
to Oz inactivation.!! Horch and co-workers proposed, based on the unique IR spectrum, a
NADH-dependent reduction of active site oxygen species via sulfoxygenated active site
cysteine intermediates.!> The recently published structure of ReAH provides two further
possible mechanisms for O2 tolerance. First, it has been proposed that the dimerization of the
heterodimer plays a role in reducing O through electrons provided by the other functional unit.
Second, a [4Fe4S]-cluster found proximal to the active site is coordinated by three cysteines

and one aspartate, compared to a standard cubane cluster, which is linked to the protein

6



Hydrogenases

backbone via four cysteines. The aspartate enables the cluster to a moderate increase in its
redox potential and therefore might play a role in O tolerance.?” A similar structural feature
has been found earlier in ReMBH, a novel [4Fe3S]-cluster. The six cysteine coordinated
proximal [4Fe3S] cluster of ReMBH can undergo two redox transitions and deliver a second
electron for oxygen reduction at the active site.?? The catalytic centre of ReMBH is equivalent
to a standard [NiFe] active site and therefore might also be sensitive to O attack as
hypothesized for ReRH. Therefore, the question arises, if Oz tolerance of ReMBH is
additionally supported by the characteristics of the substrate tunnel similar to ReRH.

In 1997, Montet and colleagues studied the hydrophobic tunnels of the O»-sensitive [NiFe]
hydrogenases from Desulfovibrio gigas and Desulfovibrio fructosovorans with molecular
dynamics (MD) simulations and Xenon derivatisation, respectively (Figure 4). The results point
out the importance of the hydrophobic tunnels in substrate transport and storage and show
several putative entrance sites.?® This was supported by the research findings of Teixeira and
colleagues also performing MD simulations on Oz-sensitive [NiFe] hydrogenases from
Desulfovibrio gigas (PDB entry 2FRV) and a V67A mutant of the same enzyme.?’ Three
channels were found in the enzyme, which are merging on the site of the Ni ion and in some
regions, serve as gas reservoirs. Valine 67 is close to the active site and is supposed to serve as
gate amino acid regulating substrate access to the catalytic site. The mutant shows an increase
in H, molecules in the hydrophobic tunnels as well as the gas is getting closer to the active site
compared to the wild-type (< 4A).2” A O,-sensitive [NiFe] hydrogenase was examined by
Wang et al. due to H, and O; access of the hydrophobic tunnels using MD simulations. In this
case, it could be shown that there is a 3-fold higher selectivity for H> than O2, H> has a higher
diffusion rate and O uses the same pathways as H>.>° All these results are limited to O»-
sensitive [NiFe] hydrogenases. In this study, I will present research results of the hydrophobic
tunnel network of the O»-tolerant ReMBH using X-ray crystallography and computational

studies.
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, D. fructosovorans
MD simulations Xenon derivatisation

Figure 4: Hydrophobic tunnel studies on O:-sensitive [NiFe|-hydrogenases from D. gigas and D.
fructosovorans. Figure 4 was inherited from Montet et al.?® Both enzymes are depicted in ca-backbone ribbon
representation with the large subunit in magenta and the small subunit in blue. Ni and Fe ions of the active site
are spheres in green and red, respectively. The [FeS]-clusters of the small subunit are shown in red and yellow
sticks, respectively. (a) D. gigas hydrogenase: MD simulation cavity maps with a probe radius of 1.0 A and 1.6
A in white and blue, respectively. (b) D. fiuctosovorans hydrogenase: Xenon (Xe) atoms from crystal
derivatisiation experiment illustrated in green spheres. Fyx.-F,q difference map of the Xe sites contoured at 4 ¢
and shown as green mesh.
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2 Lipoxygenases

Lipoxygenases (LOXs) are non-heme, iron (FeLOX) or manganese (MnLOX) containing
dioxygenases catalysing the formation of hydroperoxide derivatives from polyunsaturated fatty
acids (PUFAs), which represents the first step in the oxylipin pathway.’!*> LOXs have been
extensively studied in animals and plants. The first LOX was discovered in plants in 1932 by
Andre and Hou.?* Plant LOX was found to be located in chloroplast membranes, vacuoles or
oleosomes of leaves, in fruit or cotyledons.** In plants the most common fatty acids are linoleic
acid (18:2 ®-6) and linolenic acid (18:3 ®-3).>> The oxylipin products, e.g. phytohormones
and jasmonates, are involved in seed germination, plant growth and development, homeostasis,
signalling or pest resistance.’®*® Whereas in animals, the main fatty acid is arachidonic acid
(20:4 ®-6) as component of phospholipids in membranes.*! Animal LOX is present e.g. in
epidermis, thrombocytes or immune cells.*>* The animal oxylipins cover a variety of
physiological functions including reproduction, maintenance of the epithelium, inflammation
processes, immune response, tumorigenesis or as secondary messengers.>®*~#> Furthermore,
lipoxygenases were also found in fungi, moss, coral and more recently in bacteria.*6*’
However, the lower number of bacteria (< 0.5 %) holding LOX-like sequences in their

genome™® raises the question of the biological role of the enzyme in bacterial life.

2.1 Fatty acids

Fatty acids are the basic modules of lipids and are composed of an aliphatic chain with a
carboxyl group (alpha (a)-end) as head group and a methyl group (omega (®)-end) as tail. They
exist as saturated or unsaturated molecules with no or > 1 carbon-carbon double bonds,
respectively.*! In nature, the double bonds are mainly in cis configuration, whereas trans
double bonds are the result of industrial modifications. Fatty acids are either “free” single
chains or in their esterified form complexed with glycerol. These glycerolipids are composed
of the glycerol backbone with 1-3 fatty acids (mono-, di-, triacylglyceride).*! Contains one of
the fatty acids a phosphate group it is termed phospholipid, which play a key role in biological
membranes. The nomenclature is described as followed, for e.g. arachidonic acid (20:4 ®-6)
consists of a chain of 20 carbon atoms with 4 double bonds and the first double bond is located

6 carbon atoms away from the w-end (methyl group) (Figure 5).
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Figure 5: Fatty acids. Saturated fatty acid without carbon-carbon double bonds. (A) Stearic acid. Unsaturated
fatty acids with > 1 carbon-carbon double bonds. (B) Linoleic acid. (C) Arachidonic acid. (D) Phospholipid:
Phosphatidylethanolamine.

2.2 Mechanism

The enzymatic lipid peroxidation is initiated by the active form of LOX in its ferric (Fe*") state
through the stereoselective hydrogen abstraction at a bisallylic methylene on one site of the
substrate, creating an organic radical. *!*” The hydrogen is abstracted as a proton, whereas the
electron is transferred to the iron atom forming the inactive ferrous (Fe?") state. Within the 1,4-
pentadiene moiety of the substrate the delocated electron can rearrange in [+2] or [-2] direction
from the bisallylic methylene towards the methyl end or carboxyl end, respectively. The radical
rearrangement involves a Z E-double bond conjugation.** Molecular oxygen is inserted
antarafacial (at the opposite site of the hydrogen abstraction) at either carbon 1 or carbon 5 of
the pentadiene moiety creating a hydroperoxide radical. In the final step, the reduction of the
radical to an anion is linked with the oxidation of the iron ion back to its active ferric state

(Figure 6).
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Figure 6: LOX mechanism. In the first step one hydrogen is abstracted from position 3 of the 1,4-pentadiene
moiety of the polyunsaturated fatty acid. Followed by a radical rearrangement within the moiety to position 1 or
5. The molecular oxygen is inserted creating a hydroperoxide radial, which is finally reduced to a hydroperoxide
anion.

A common way of classifying LOXs is based on the reaction specificity of the enzyme. In
mammals six LOXs have been found due to four cis double bonds in arachidonic acid (5-LOX,
8-LOX, 9-LOX, 11-LOX, 12-LOX, 15-LOX) and possible O insertion at C5, C8, C9, C11,
C12 or C15 (Figure 5).°” In plants, linoleic acid consists of one pentadiene moiety, where the
hydrogen abstraction takes place at carbon 11 and depending on the position of the O insertion
we can find 9-LOX and 13-LOX (Figure 5). Also dual regiospecificity can be used in LOX
nomenclature due to the ratio of e.g. 9- and 13-hydroperoxides produced, leading to 9/13-LOX
or 13/9-LOX.>° Further, LOXs nomenclature can include stereospecificity. Plant LOX forming
different stereoisomeric products in S- or R-configuration are termed 9S-LOX or 13R-LOX,

respectively.

The regiospecificity of the Oz insertion, however, might be the result of a possible difference
in orientation of the fatty acid chain as well as the depth of the substrate positioning in the
cavity. In plant LOX different amino acids, lining the bottom of the substrate cavity, have been
found determining the depth of the lipid insertion. 13-LOX shows a phenylalanine or histidine
amino acid at the same position of valine in 9-LOX (Figure 74). A conversion of plant 13-LOX
to 9-LOX was achieved through point mutations of the larger 13-LOX histidine into 9-LOX
valine supporting the hypothesis of inverse substrate binding (Figure 74), where linoleic acid is
bound in head-to-tail orientation with the carboxyl group at the bottom of the cavity.’! A similar

space-determined model could be detected in animal 12/15-LOX for arachidonic acid. An
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exchange of the larger (Ile, Ile, Phe) amino acids at the cavity bottom of 15-LOX to smaller
(Ala, Ala, Ile) residues leads to a smaller volume of the substrate cavity resulting in a positional

shift of arachidonic acid and a 12-LOX activity (Figure 7B).>%>
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Figure 7: Regiospecificity of eukaryotic LOXs. (A) Regiospecificity and head-to-tail orientation of plant 9-
LOX and 13-LOX. (B) Mutation of the larger amino acids Ile, Ile and Phe in mammalian 15-LOX into Ala, Ala
and Ile resulted in a 12-LOX activity due to a positional shift of arachidonic acid in the larger cavity.

The stereospecificity of the Oy insertion, however, seems to be determined by an amino acid
opposite the catalytic centre. The relationship of the S- or R-stereospecificity is determined by
oxygenation at either one end or the other of the substrate pentadiene moiety (Figure 8). In 2004,
Coffa and Brash revealed two highly conserved amino acids, alanine or glycine, defining S- or
R-configuration of the peroxidation product, respectively.’* A switch of alanine to glycine or
vice versa leads to a switch in stereochemistry. The bulkier alanine compared to glycine blocks
the O insertion at the pentadiene radical position closer to the opening of the lipid substrate
cavity (a-end).’”>* The enzyme with an alanine residue is referred to as S-LOX and with a
glycine as R-LOX (Figure 9). The bacterial LOX from the human pathogen Pseudomonas
aeruginosa (Pa-LOX) an alanine (Ala420) occupies the position close to the active site leading
to the oxygenation in S-configuration. Ala-Gly exchange experiments in this thesis provide
information about the stereochemical influence of this specific amino acid in bacteria. The very
reverse has been shown by Jansen and colleagues in 2011. The LOX-1 of zebrafish with a
glycine catalysed arachidonic acid into a hydroperoxide with S-configuration.’ Also different
from the convention of a conserved alanine in S-LOX is the serine found in mouse 125-LOX

at this critical position.>* Ser to Ala mutation experiments did not change the stereospecificity
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of mouse 12S5-LOX showing that either Ala or Ser confer to the same specificity and assuming

a similar blocking of the O tunnel by Ser.>*
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Figure 8: S- and R-Configuration in LOX. Figure 8 was inherited from Coffa and Brash.>* Depicted is the 1,4-
pentadine moiety of a PUFA showing the 8,11-double bonds (left) and 11,14-double bonds (right). After the
hydrogen abstraction, the radial rearranges in [+2] or [-2] direction from the bisallylic methylene. The molecular
oxygen can react on the opposite face of the hydrogen abstraction (antarafacial) at either end of the pentadiene
moiety. There is a stercospecific relationship between 8S/12R and 8R/12S on the left as well as 11S5/15R and
11R/15S on the right.
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Human 12(8)-LOX MS58704
Human 15(5)-LOX-1 BC029032
Human 15(8)-LOX-2  U78294
Mouse 5(5)-LOX L42198
Mouse ep 12(S)-LOX  X99252
Mouse leu 12(5)-LOX  L34570
Mouse pl 12(S)-LOX  AKO087724
Mouse 8(S)-LOX AK028724
Rabbit 15(5)-LOX-1 P12530

Arabidopsis LOX-1 JQ2267
Soybean LOX-1 525064
Barley LOX-2 AJ507213
Human 12(R)-LOX AF038461
Mouse 12(R)-LOX Y 14334
Coral 8(R)-LOX domain AF003692
Coral 8(R)-LOX Us9223
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Figure 9: (A) Sequence alignment of
S-LOX and R-LOX. The overview of a
selection of S-LOX and R-LOX shows
a conserved alanine (Ala) or glycine
(Gly), respectively. An exception is
mouse platelet S-LOX with a serine
(Ser) at this position. (B) Basis for R-
and S-stereospecificity in product
formation. The picture  shows
arachidonic acid with the tail-first
orientation and with the hydrogen
abstraction on one face of the substrate.
Left: A Gly residue in the critical
position of the active site allows
antarafacial oxygenation towards the
carboxyl end of the reactive pentadiene
moiety in 8R-configuration. Right: The
larger Ala residue blocks the insertion
of molecular oxygen at C8. Antarafacial
oxygenation occurs towards the methyl
end in the 12S5- configuration. Figure 9
was inherited from Coffa and Brash.>*
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2.3 Lipoxygenase structure

LOXs have been found in the eukaryotic and prokaryotic kingdom and the first eukaryotic
crystal structure was solved in 1993 of an arachidonic acid 15-LOX from Glycine max (soybean
LOX-1).>® The overall primary structure of all LOX enzymes is a single amino acid chain. In
eukaryotic LOXs the single chain mainly folds into an N-terminal B-barrel domain and catalytic
domain, which harbours the deeply buried active site (Figure 10B, human LOX). The N-terminal
domain also termed PLAT (Polycyctin-1, Lipoxygenase, Alpha-Toxin) domain consists of two
B-sheets of four B-strands (B-sandwich) and has been assigned as potential membrane binding
domain. Several identified Ca®>" ions bound within the B-barrel domain might be involved in
conformational changes and stabilisation of alleged membrane-insertion loops.>”7-3%
Interestingly, the PLAT domain seems to be absent in fungal Manganese-LOXs as illustrated
for LOX from rice blast fungus Magnaporthe oryzae in Figure 10D.°°%° The same applies for
prokaryotic Pa-LOX (Figure 104). The first structure of bacterial LOX was solved in 2013 by
Garreta et al. (PDB entry 4G32 and 4G33), showing a single catalytic domain mainly
composed of a-helices.®! However, the structure revealed two a-helices of ~ 100 amino acids
(Figure 104, Pseudomonas aeruginosa, black helix) functioning as a lid over the substrate cavity
entrance.’! Surprisingly, cyanobacterial LOX from Cyanothece sp. PCC8801 shows structural
features of eukaryotic and bacterial LOXSs. It is composed of an N-terminal -barrel domain, a
catalytic domain and an a-helical N-terminal extension of 40 amino acids (Figure 10C,
Cyanothece sp. PCC8801, black helix).®? The a-helical N-terminal extension has been
proposed to promote binding of liposomes. The same function could be assumed for the lid-
helices of Pa-LOX.®? However, the B-barrel domain is over 90° rotated in Cyanothece sp.

PCC8801 compared to the eukaryotic counterparts due to a a-helix to p-sheet conversion.®?
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A bacterial lipoxygenase B  eukaryotic lipoxygenase
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PDB entry 5IR4 PDB entry 4NRE
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Figure 10: Overview of domain composition of bacterial and eukaryotic LOX structures. A) Bacterial LOX
of Pseudomonas aeruginosa with the catalytic domain shown as green cartoon and the N-terminal lid-helices in
black. The iron ion of the active site is illustrated as orange sphere. B) Human LOX with the N-terminal PLAT
domain depicted in yellow and the catalytic domain as blue cartoon. The iron ion of the active site is illustrated
as orange sphere. C) Cyanobacterial LOX from Cyanothece sp. PCC8801 with the N-terminal PLAT domain in
magenta and the catalytic domain shown as teal cartoon. An additional helix structure is shown in black. The iron
ion of the active site is illustrated as orange sphere. D) Fungal LOX from Magnaporthe oryzae with a single
catalytic domain depicted as orange cartoon. The manganese ion of the active site is illustrated as purple sphere.

The catalytic domain, however, shows higher degrees in similarity compared to the PLAT
domain. All LOXs have a highly conserved catalytic core composed of four a-helices
(superposition of the core helices, Figure 11). The catalytic metal ion, Fe or Mn, is coordinated
by amino acids of the a-helices a7 and a14 as well as the oxygen of the C-terminal carboxyl
group (eukaryotic helix nomenclature). Intriguing, the C-terminal amino acid enters the protein
between the helices as part of the metal ion coordination sphere. Noticeable is the bending of
helix a8, which is capping the bottom of the substrate cavity. The penultimate helix is located

close to the substrate entrance (Figure 11).>’
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The metal ion is placed in the centre of the helical core and is in general coordinated in a pseudo
octahedral geometry by three conserved histidines, an asparagine or histidine and a terminal
isoleucine. In Pa-LOX the iron is coordinated through His377, His382, His555, Asn559, the

C-terminal I1e685 and a water molecule (hydroxyl) (Figure 12).56

penultimate

bacterial lipoxygenase superposition core helices
Pseudomonas aeruginosa Pseudomonas aeruginosa (PDB entry 5IR4)
PDB entry 5IR4 Homo sapiens (PDB entry 4NRE)

Cyanothece sp. PCC8801 (PDB entry SEK8)
Magnaporthe oryzae (PDB entry SFNO)

Figure 11: Core helices of LOXs. All LOX enzymes have a core of four a-helices embedding the active site.
Helix a14 and a7 provide four amino acids (histidine and arginine) as part of the iron coordination sphere. Helix
a8 has an “arched” conformation in all LOXs and defines the bottom of the substrate cavity. Finally, the
penultimate helix is close to the substrate cavity entrance and might play a role in substrate coordination.

lle685

His555 Asn559

His377
His382

Figure 12: Pa-LOX active site. The iron ion in the Pa-LOX active site is coordinated by three histidines, one

asparagine, the C-terminal isoleucine and a water molecule (hydroxyl) occupying the sixth position in the pseudo
octahedral geometry.
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2.4 Lipoxygenase substrate tunnels

In the first LOX crystal structure from soybean LOX-1 two cavities for substrate and O2
interaction with the active site have been found. The hydrophobic cavity 1 (nomenclature from
LOX-1 reference) adjoins the protein exterior with the catalytic cavity opposite the
coordinating His504 and therefore has been proposed to represent a pathway for O, access.
Cavity 2 contains mainly hydrophobic residues and was large enough to incorporate a fatty
acid substrate.’® In eukaryotic LOXs this substrate-binding pocket has been described as U-
shaped form (Figure 13).>75%%* The same U-shape can be found in prokaryotic Pa-LOX. Here,
though, the substrate tunnel extents due to the additional lid-helices and a complete
phospholipid can be incorporated in the two cavities (Figure 13). The structure of Pa-LOX
revealed the binding of a phosphatidylethanolamine suggesting a high affinity for
phospholipids as found in eukaryotic membranes. The ability of Pa-LOX in catalysing
eukaryotic membrane phospholipids enables the bacteria to interact with the host cell and
interfere with hosts defence and inflammation response system.’%> In cyanobacteria
Cyanothece sp. PCC8801 a substrate tunnel connects the protein exterior with the catalytic
iron, however, is shorter than reported in other LOXSs (Figure 13). The cavity lining amino acids
Tyr360, Glu355 and Phe413 might enlarge the tunnel during substrate binding through side

chain rearrangements.®?

A potential O access tunnel has been proposed in eukaryotic and prokaryotic LOXs. Molecular
dynamics simulations, structural modelling, mutational and kinetic studies proofed the
presence of a possible pathway in rabbit 12/15-LOX. The side-directed mutagenesis of L326F
within a critical position of the gas pathway obstructed the O» access to the active site indicated
by a reduced Oz diffusion.®® The same tunnel could also be reported for Pa-LOX and human
LOX (Figure 13). ®*%7 The O, tunnel is mainly lined by hydrophobic residues and enters the
catalytic cavity on the opposite site of the iron atom. According the newly described suprafacial
(on the same face) hydrogen abstraction in the recently published structure of fungal MnLOX,
an Oz access tunnel at the same site of the catalytic Mn**-moiety has been assumed. However,

no gas tunnel equivalent to FeLOX was reported for this structure.®

The structure of the substrate tunnels and the amino acid composition interlock tightly with the
regio- and stereospecificity of each LOX. The biological role of bacterial LOX still remains
unclear. Especially, understanding the structure and function of Pa-LOX might shed light on

to its role for the pathogen Pseudomonas aeruginosa. Pseudomonas aeruginosa is a multi-drug
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resistant, gram-negative bacteria causing serious infections in humans such as pneumonia,
general inflammation or sepsis. In this thesis, the structure related stereospecificity of Pa-LOX

will be studied according to the Ala-Gly exchange in association with changes in the O2 access

tunnel.
bacterial LOX (1.48 A) eukaryotic LOX (2.63 A)
Pseudomonas aeruginosa Homo sapiens
PDB entry 5IR4 PDB entry 4NRE
4 LA

substrate

v

cyanobacterial LOX (2.7 A) fungal LOX (2.04 A)
Cyanothece sp. PCC8801 Magnaporthe oryzae
PDB entry 5EK8 PDB entry 5FNO

Figure 13: Substrate tunnels in eukaryotic and prokaryotic LOXs. Substrate tunnels are depicted as grey
surface using the program PyMOL. The active site metal ion, Fe or Mn, are illustrated as spheres in orange or
purple, respectively and are coordinated by the active site amino acids shown as sticks. Possible tunnel access
paths are indicated by black arrows A) The sn-1 and sn-2 cavity of the substrate tunnel from bacterial Pa-LOX
shows a bound phospholipide in purple sticks. The possible O access tunnel is shown on the left. B) Human Lox
has a substrate mimic bound to the substrate cavity shown in yellow sticks. The putative O» access tunnel is
indicated on the left. C) Cyanobacterial LOX from Cyanothece sp. PC8801 shows an empty substrate tunnel in
the structure with the PDB entry SEK8 without the universally present U-shape. D) The fungal LOX from
Magnaporthe oryzae shows the typical U-shaped substrate tunnel, however, no O access tunnel has been found
so far.
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3 Tunnels

Proteins undertake a large variety of functions within organisms, including transport of
molecules, signalling, immune response, acting as structural components, DNA replication and
catalysing enzymatic reactions. These complex molecules consist of an alterable composition
of only 20 amino acids. One or more chains of these amino acid residues fold into the unique
three-dimensional structure of the protein, which in turn stands in relation to its function.
Through protein folding amino acids which are far distant in the sequence are now able to
interact and constitute functional units. These functional units contain different specific
characteristics like pockets, grooves or protrusions, cavities, channels or pores and tunnels,
which play an important role in biological processes through the interaction with substrates
(Figure 14).%% Channels across biological membranes govern the selective transport of ions and
molecules. In most enzymes, the active site(s) are usually located in a cavity deeply buried
inside the protein. The active site consists of a substrate specific binding site and a catalytic
site primarily formed of amino acids, ions and/or cofactors. For substrate access to the catalytic
centre and product release molecular tunnels connecting the protein exterior with the active
site. However, solving the X-ray structures of the first poly-functional enzymes also revealed

tunnels between multiple active sites for the tunnelling of intermediates.

Harbouring the catalytic centre(s) inside the protein and the presence of molecular tunnels
provide several advantages for the enzyme: (i) higher substrate selectivity, (ii) protection of the
catalytic site from reactive products and inhibitors, (7ii) protection of chemically unstable
intermediates from the external environment, (iv) reduction of transport time between multiple
active sites, (v) preventing diffusion of the substrate into the bulk solvent, which increases the
catalytic efficiency as well as (vi) regio- and stereospecific control.*®’® Molecular tunnels are
present in all six enzyme classes and appear as permanent transport pathways in an permanent
state or as transient tunnels.®>’! The special selectivity of the tunnels is influenced by its
properties such as hydrophobicity or hydrophilicity as well as dimensions like shape, length
and radius. They also differ in quantity and with or without openings to the protein surface. A
unifying terminology for channels and tunnels has been introduced by Chovancova et al.”?

Channels are referred to as pathways with no interruption by an internal cavity and both channel

openings are to the bulk solvent. Tunnels are pathways connecting the protein exterior with an



Tunnels

internal cavity or bridge multiple internal cavities. In my thesis, I will use this terminology for

the channels and tunnels.

Figure 14: Schematic representation of a protein with a channel/pore (1), a tunnel (2), a buried cavity (3)
and a surface cleft/groove (4). Figure 14 was inherited from Brezovsky et al.®® Void interior is light purple,
channel and tunnel entrance is dark purple, channel- and tunnel-lining residues are in black and bottleneck residues
are in red. Arrows indicate a bottleneck. The red dot in the buried cavity represents the starting point for the tunnel
calculation.

3.1 Multi-functional enzymes

A very well studied multi-functional class 6 enzyme is the carbamoyl phosphate synthetase
(CPS).” CPS catalyses the synthesis of carbamoyl phosphate from bicarbonate, glutamine and
2x MgATP (Adenosintriphosphate). Two out of three intermediates, ammonia and carbamate,
migrate from the site of generation to the site of utilisation through a permanent intramolecular
tunnel with a total length of almost 100 A and ~3.3 A in diameter connecting three actives.
Studying the structure of CPS also revealed a difference in diameter between the two tunnels
spanning the actives sites, reflecting the larger tunnel needed to transport carbamate compared
to ammonia.”> The class II amidotransferase Glutamine phosphoribosylpyrophosphate
amidotransferase (GPATase) catalyses the conversion of phosphoribosylpyrophosphate into
phosphoribosylamine. The intramolecular tunnel of GPATase only exists transitory through
binding of the right ligand to the active site and conformational changes of the protein
backbone.” This architectural feature has also been proposed for the bifunctional enzyme
Guanosine 5’- Monophosphate synthetase (GMPS).”” An obstructed protein tunnel can be

found in glucosamine 6-phosphate synthase (GlmS).”®

GImS catalyses the conversion of D-
fructose-6P (Fru6P) into D-glucosamine-6P. The tunnel connecting the two active sites of the

glutaminase domain and the synthase domain is blocked by the amino acid side chain of
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Trp-74. Mouilleron et al. illustrates the conformational change of Trp-74 to the open position
through binding of a glutamine affinity analogue, and binding of Fru6P triggers the closed state
(Figure 15).”° Glutamate synthase also shows a substrate-induced conformational change of

amino acids affecting the nature of the molecular tunnel.”’

A

Figure 15: Open and closed state of the substrate tunnel of glucosamine 6-phosphate synthase. Figure 15

was inherited from Stéphane Mouilleron et al.”®

Superposition of the open and closed position of Trp-74 triggered
(orange and blue sticks, respectively) through binding of 6-diazo-5-oxo-L-nor- leucine, a glutamine affinity
analogue and Fru6P. The accessible surface of the tunnel was calculated with PyMOL (probe radius of 1.4 A) and

is represented as a surface mesh. Water molecules are depicted as red spheres.

3.2 Mono-functional enzymes

In mono-functional enzymes one or more molecular tunnels converge at a single active site to
deliver substrates or release reactive products. A substrate-induced “gate” function of two
amino acids in a molecular tunnel was suggested for the flavoenzyme cholesterol oxidase.”
The monomeric enzyme catalyses the reversible chemical reaction of cholesterol + Oz =
cholest-4-en-3-one + H20O.. A putative hydrophobic O tunnel has been proposed for
cholesterol oxidase with an arginine and glutamate controlling the access of molecular oxygen
to the active site. Conformational changes of the amino acids alter the nature of the tunnel to
an open or closed state.”® Klvana et al. has shown through MD simulations that the substrate
and product exchange between the active site and the protein surface in DhaA haloalkane
dehalogenase occurs via permanent tunnels, transient tunnels and migration through the protein
matrix.”® Lipoxygenases catalyse the dioxygenation of polyunsaturated fatty acids (PUFAs)

into hydroperoxide derivatives.> The iron-containing active site is deeply buried inside the



Tunnels

enzyme. The two substrates, PUFA and O, become merged at the catalytic centre through two

permanent hydrophobic tunnels (Figure 16).%

Firstly, in the case of Pa-LOX, I will illustrate in this study that one of the tunnels is occupied
by a PUFA and the second hydrophobic tunnel might be used as O transport pathway directly
leading to the catalytic centre. These results are supported by mutational studies showing that
the widening of the second substrate tunnel alters the catalytic specificity of the enzyme. Here,
the biochemical experiments were provided from Swathi Banthiya in the laboratory of Prof.
Hartmut Kiihn (Charité - Universititsmedizin Berlin, Institut fiir Biochemie). Several
molecular tunnels can also be observed in hydrogenases. The hydrophobic tunnels provide
substrate for the reversible catalytic reaction H» & H+H" = 2e+2H".%?2% Secondly, I will
present in this thesis the results of tunnel calculations from various Oz-sensitive and O2-tolerant
[NiFe] hydrogenases with detailed insights and a focus on the O:-tolerant ReMBH.
Additionally, to the hydrophobic tunnels found in ReMBH a hydrophilic tunnel might release
water produced in the reactivation reaction 2H> + Oz = 2H>0O. One of the hydrophobic tunnels
does not show an entrance at the protein surface in the calculations and seems to act as storage
for the gaseous substrates

bacterial LOX . Figure 16: Hydrophobic substrate
Pseudomonas aer uginosa tunnels of bacterial wild-type

PDB entry SIR4 lipoxygenase from Pseudomonas
' aeruginosa. Protein  ca-backbone
depicted as orange ribbon. Internal
surface calculations with PyMOL are
shown in grey. O, tunnel calculations
with Caver 3.0 are illustrated as blue
spheres. Substrate sn-1 and sn-2 cavity
o are occupied by the endogenous ligand
phosphatidyl [ _— phosphatidylethanolamine. All tunnels
ethanolaminej i ; ' 4 YE are indicated by black arrows. The
F active site iron ion and the coordinating
water molecule are depicted as orange
and cyan spheres, respectively.
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3.3 Tunnel calculation

There are several geometry-based software tools for the calculation and analysis of protein
channels and tunnels. An overview of advantages and disadvantages of various software tools
has recently been provided by Brezovsky et al.® The software CAVER 7>8!, MOLE %2 and
MOLAXIS # can be used for the calculation and analysis of protein tunnels. Channels or pores
can be studied with HOLE *, MOLAXIS, CHUNNEL * and POREWALKER ®. For the
analysis of overall voids the programs HOLLOW 87 and 3V ® are available. In this work, the
molecular tunnels of the two enzymes, ReMBH and Pa-LOX have been studied, and therefore

the tunnel analysis software tools CAVER, MOLE and MOLAXIS will be compared.

For reasons of simplification the applications will calculate the tunnels using an internal cavity
as starting point instead of starting at the protein surface. All three Voronoi-based programs
describe all possible pathways between the internal cavities and the protein exterior through
the preceding prediction of internal voids.? For the calculation they also employ the Delaunay
triangulation to draw the vertices and edges of the Voronoi diagram (Figure 17) "> and the

Dijkstra’s algorithm®® to find the tunnel pathways.

The Voronoi diagram can be described as followed: (i) A Voronoi diagram is a separation of a
plane into n regions based on the distance of a discrete set of specified points also called sites.
In case of a protein, these sites are the centres of the amino acid atoms depicted as spheres. (ii)
Edges and vertices form the delimitation of the regions. Each point on an edge is halfway of
exact two sites and each vertex is halfway of at least three sites. (iii) Each point within a region
is closer to the site of that region then to any other site of the Voronoi diagram. (iv) Each edge
belongs to two vertices and in turn each vertex has at least three edges. (v) The regions are
polygons. (vi) Each edge belongs to exactly two of the n regions.®” The Voronoi diagram with
a limited number of sites and the Delaunay triangulation are duals. The Delaunay triangulation
can be described with the empty-circle method: Three sites of the Voronoi diagram form a
triangle in the Delaunay triangulation. The circumcircle of this triangle should be empty of
other sites (Figure 17B, red circle). The circumcentre is a vertex of the Voronoi diagram and

Delaunay edges are orthogonal to the corresponding Voronoi edges.®
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Figure 17: Voronoi diagram (A), Voronoi diagram with Delaunay triangulation (B) and 2D Voronoi
diagram for tunnel search in proteins (C). Figure 17 A+B are inherited and modified from Franz
Aurenhammer.® Figure 17 C is inherited and modified from Martin Petfek et al.®? (A) shows a Voronoi diagram
with 8 sites, 8 regions, 8 vertices and the corresponding edges. (B) shows a Delaunay triangulation of the Voronoi
diagram from A with Delaunay triangles (one Delaunay triangle is marked in green) connecting three sites and a
red circumcircle of a Delaunay triangle. (C) The scheme shows a 2D Voronoi diagram of a molecule presented
as atoms (spheres). The edges (thin lines) are evaluated by the cost function (numbers) with the ideal path (thick
centreline) found by the Dijkstra’s algorithm. The starting point is marked as purple circle.

The algorithm of the three software tools can be described in the following steps: (i) The protein
is represented by van der Waals spheres defining the molecule atom centres. In all applications,
the spheres have a fixed size with the radius of the smallest atom in the structure. MOLE applies
the fixed-size sphere to all atoms and deems the errors arising from this procedure as
insignificant as most atoms in biomolecules have van der Waals radii between 1.6 — 2.1 A.%
However, including hydrogen atoms in the calculation of the Voronoi diagram can increase the
error up to 2 A. MOLAXIS and CAVER avoid this error by approximating larger atoms
through a set of equally sized spheres.®® (ii) Construction of the Voronoi diagram. (iii) Manual
definition of the starting point for the tunnel calculation by the user or automatically by
applying the centre of the largest cavity (MOLAXIS) or using residues from the Catalytic Site
Atlas (CAVER, MOLE).®®! Additionally, optimisation of the starting point to prevent
collision with surrounding atoms in CAVER and MOLE. (iv) For determining the surface
between the protein and the solvent CAVER draws outer boundary points by rolling a probe
around the protein surface. MOLE approximates a convex hull and MOLEAXIS defines a
simplified protein surface by applying a large sphere.®® (v) All computational applications
calculate molecular tunnels on the basis of the cost function. The cost function evaluates each
Voronoi edge by its length and width, but the width determination differs between the software
tools. CAVER calculates a very detailed path by measuring the distances between several
points on the surface of the closest atom to points on the Voronoi edge. MOLE only measures

one distance between the surface of the closest atom and the Voronoi edge. MOLEAXIS uses
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the average of the two distances from the surface of the closest atom and the two vertices of
the Voronoi edge, assuming the whole edge has the same width.%® (vi) The route of a pathway
with the lowest cost is finally determined with the Dijsktra’s algorithm.”® The “cheapest”
pathway will be characterised by its length and its width. The shortest pathway as well as the

widest tunnel will have the lowest cost.’?
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Figure 18: Tunnel network of ReMBH. The large and small subunits of ReMBH are depicted as ribbon in green
and blue, respectively. The initial starting point for the Caver 3.0 tunnel calculations is the highly conserved
R530¢, (green sticks). The calculated tunnels are shown in chains of spheres in orange for gas tunnel A and green
for gas tunnel B. Water molecules are illustrated as blue spheres with a high occupancy in the water channel. The
[NiFe] active site as well as the [FeS]-clusters are in ball/stick representation. The proposed direction of the gas
substrate and the water product are indicated as arrows in black and blue, respectively.

In this study, the program Caver 3.0 was used as PYMOL plugin for the calculation of
molecular tunnels in ReMBH (Figure 18) and Pa-LOX.
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4 From crystal to structure

The section ‘from crystal to structure’ focuses on the basic theory of protein X-ray
crystallography. More detailed information can be found in literature of Bernhard Rupp
‘Biomolecular Crystallography: Principles, Practice, and Application to Structural Biology’*?,

3

Terese M. Bergfors ‘Protein Crystallization’®® or Jan Drenth ‘Principles of Protein X-Ray

Crystallography’®*.

To obtain a diffracting crystal from an irregularly shaped protein is an important not alone
difficult step in the process of determining a protein structure. Considering that a protein in its
natural environment of a cell preferably not aggregates or periodically assembles with other
proteins, it is even more challenging to achieve that in a crystallisation experiment.
Additionally, proteins with their non-regular surface with flexible side chains and loops have
only a few locations of weak intermolecular interactions which are involved in connecting the
proteins for the growth of a crystal. Finding the right crystallisation condition is the first step
towards the protein structure. Following, the obtained single protein crystal with its sharp edges
can be harvested from the crystallisation drop, cooled in liquid nitrogen (LN>) for the reduction
of radiation damage and a data set with X-rays can be collected (Figure 19). From the resulting
reflections on each frame an electron density can be calculated via Fourier transform
techniques. Now the protein model can be built into the electron density. Eventually, after
several rounds of refinement, model building and structure validation the final protein structure
can be deposited online (Figure 19).
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Figure 19: Workflow of structure determination from an example protein of this study. The flow chart shows
the plate shaped crystal from Pa-LOX (lipoxygenase from Pseudomonas aeruginosa), followed by its diffraction
patter received during data collection. After Fourier transformation, the protein was modelled into the calculated
electron density map resulting in a 3D protein structure of Pa-LOX (PDB entry 51R4).%
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4.1 Protein crystallisation

4.1.1 Crystallisation kinetics

For the success of the crystallisation experiment the protein needs to change its phase from
soluble to supersaturated to form crystallisation nuclei. The reduction of solubility can be
achieved by adding precipitant and/or dehydrate the protein solution. Additionally,
temperature, pH, protein concentration, additives and change of the buffer conditions can
benefit the supersaturation process, thus nucleation and crystal growth. The driving force of
crystal growth is the strong entropic gain mainly obtained through the release of free water
molecules during crystal formation. On the opposite, there is the entropy loss from the loss of
motional freedom (flexible side chains), which is, however, lower than the entropic gain. The
enthalpic contribution in crystallisation is instead negligible. This leads to a negative value of
the free energy, which is required for a spontaneous self-assembly of proteins to a crystal. The
experiment starts with the protein in solution in the stable region. Through the change of
parameters like the increase of precipitant and protein concentration the protein solubility
decreases and reaches the supersaturated region in the diagram (Figure 20). In this region, a
phase separation occurs into a protein-rich phase (crystal nuclei, protein crystal, precipitate,
liquid protein ‘oil’ phases) and a saturated protein solution. In the homogenous nucleation zone
assembled proteins reach a critical size and form nuclei. This will reduce the concentration of
the soluble protein and the system preferably is displaced into the heterogenous nucleation
zone, where crystal growth takes place. In this metastable region, transient nuclei form and
disappear, but they are likely not to reach the critical size and external nuclei are needed.
Crossing the instability curve the protein will precipitate in this unstable region. A visual
description of the crystallisation process is presented in the protein crystallisation diagram
(Figure 20). To achieve the supersaturation of the protein several crystallisation techniques are

available.
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Figure 20: Protein crystallisation diagram. The diagram shows three phases. (1) In the stable zone the protein
is in solution. (2) The metastable/ nucleation zone, where the supersaturation of the protein leads to spontaneous
formation of crystallisation nuclei (homogenous nucleation). In the lower supersaturated region heterogenous
nucleation takes place. This, however, requires seeds for crystal growth for example microcrystals. (3) If protein
or precipitant reaching a high concentration and crossing the instability curve the protein will precipitate (unstable
region). The protein is depicted as ribbon in green. Water molecules are shown as blue spheres and precipitant as
orange triangles.

4.1.2 Crystallisation techniques

The most popular crystallisation technique is the vapour diffusion method (Figure 21). In the
crystallisation setup, the protein solution is mixed with the precipitant solution e.g. in a ratio
1:1. The mixture will be either placed on a siliconized cover slide (hanging drop) or in a
crystallisation well of a crystallisation plate (sitting drop). The reservoir of the crystallisation
plate contains the precipitant solution with a higher concentration then in the protein/precipitant
mixture. In the sealed system, aqueous vapour diffuses from the crystallisation drop into the
reservoir increasing the concentration of the protein and precipitant preferably reaching the
region for homogenous nucleation followed by crystal growth in the metastable region (Figure
20). Also very common are the microbatch and microdialysis methods (Figure 21). In the
microbatch crystallisation technique the protein/precipitant solution is placed onto an oil-
covered well of a crystallisation plate. The drop will sink to the bottom of the well and be
covered by the oil. To reach protein supersaturation in this method, the precipitant solution has
to have a higher concentration or the oil used, is water-permeable and the concentrations in the
crystallisation drop can change. The microdialysis crystallisation method is based on the
passing of crystallisation reagents towards the lower concentration through a semi-permeable

membrane until reaching an equilibrium. The protein/precipitant solution will be placed in a
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chamber of the dialysis button and covered by the membrane. In case the protein
supersaturation does not reach the homogenous nucleation zone micro-seeds can be added to
the crystallisation solution to induce crystal growth. In this micro-seeding method crushed
crystals, microcrystals or tiny particles serve as micro-seeds and can be added to the

crystallisation drop by streaking or adding a diluted solution.
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Figure 21: Crystallisation techniques. The most common crystallisations methods are vapour diffusion as sitting
or hanging drop, microbatch under oil or microdialysis. The precipitant solution is shown in blue. The
protein/precipitant solution is depicted as blue-orange-striped drop. The grey area in the microbatch method
illustrates the oil used to cover the crystallisation drop.

4.2 Theory of X-ray diffraction

Determining the molecular structure of a protein, high energy electromagnetic waves (~10*
keV), X-rays, with wavelengths in the atomic range (~10'°=0.1 nm = 1 A) are needed. The
X-rays interact with the electrons of the atoms in the crystal and through induction of oscillation
at the electrons, they further emit electromagnetic waves of the same frequency (elastic
scattering). Superposition of the emitted electromagnetic waves leads to constructive and
destructive interference. Constructive interference of the scattered waves is recorded in a
diffraction pattern as reflections on a detector. The condition of constructive interference is

described by Bragg’s law:

Equation 2

nl = 2dsin6
The Bragg equation describes the scattering of X-rays on discrete lattice planes with an
interplanar distance d which is related to the scattering angle 6. Is the path difference 2d sin 0
from one lattice plane to the other, a multiple integer n of the wavelength A, constructive

interference occurs (Figure 22).
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lattice plane

Figure 22: Bragg diffraction. Schematic interpretation of Bragg’s law with X-ray diffraction at two distinct
lattice planes (blue dashed lines) with d as interplanar distance (red line), the scattering angle 6 and the path
difference 2d sin 6 (blue double arrow). The green line and arrows illustrate the incident and scattered
electromagnetic waves. The black spheres depict the schematic positions of atoms in the crystal lattice.

The occurrence of reflections can be described with the Ewald construction. Figure 23 shows
the Ewald sphere with the crystal (purple) at the centre, the reciprocal lattice and its origin O.
The radius of the Ewald sphere depends on the wavelength of the incident beam (1/A). In order
to obtain reflection spots the reciprocal lattice points (green spheres) need to cross exactly at
the Ewald sphere. This is given when Bragg’s law is fulfilled. To increase the number of
reciprocal lattice points intersecting with the Ewald sphere, thus increase the amount of
reflections, the crystal needs to be rotated. Is the wavelength A of the incident X-ray beam
larger than the greatest interplanar distance d in the crystal lattice no reciprocal lattice point

will meet the Ewald sphere and no diffraction can be detected.

Scattered beam

Incident beam

r=1/A

Figure 23: Ewald Construction. When the X-ray (incident) beam impinges on the protein crystal (purple) the
photons are scattered at the electrons of the amino acid atoms. Reflections can be detected when the reciprocal
lattice points (green spheres) cross the Ewald sphere, which is given when the Bragg’s law is fulfilled. During
data collection the crystal will be rotated to collect a full data set of the protein crystal. The size of the Ewald
sphere depends on the wavelength of the X-ray beam (1/1).
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4.3 Data collection

If now the conditions of (a) the reciprocal lattice points intersecting with the Ewald sphere, (b)
the scattered beam hits the detector and (c) the reciprocal lattice points in the Ewald sphere lie
within the resolution limit of the crystal, X-ray diffraction data can be collected. Through the
rotation of the crystal in small increments, a number of diffraction images are collected and
compose the data set. Crucial for the positive outcome of a protein structure model is a highly
complete data set of good quality. During the rotation, reflections will be recorded on the
detector. In the first step, a software program determines the unit cell constants from the
distances of the reflections, resolution of the crystal, specifies a space group from the first
initial images and will provide a data collection strategy. If there is no collection strategy
possible because of lattice disorder, no reflection spots or low resolution the crystal might be
moved to a different position (in case of needles or large crystals on a microfocus beamline) or
exchanged for a new crystal. The time needed for collecting a data set can vary immense
between a synchrotron (seconds — minutes - hours) and laboratory X-ray generators (hours —
days) and even between the technical setups of the synchrotron beamlines (generation of the

synchrotron, detector models).

4.4 Structure factor & Electron density

For the reconstruction of the electron density two terms are needed: 1% the structure factor
amplitudes |Fuk|, which are directly accessible from the intensity of each reflection (Inki ~ [Fhi[*)
and 2" the phase ¢(kkl), which needs to be determined through further phasing experiments.
These terms are implemented in the mathematical function of the structure factor Fiy with the

structure factor indices (hkl) describing a plane in the crystal lattice.

Equation 3

Foky = |Fnial - explio(hkl)]
The reversible method of Fourier transformation (FT) is then performed to convert the
reciprocal space (structure factors, Fuki)) into the real space (electron density, p(x,y,z)) shown in

equation 4 with V as the volume of the unit cell.

Equation 4

400 400 400

1
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4.5 Phasing

Missing the phase in the initial experiment leaves us with the “phase problem”, which can be
solved through molecular replacement or several experimental phasing methods. Following,

the most popular phasing methods are described.

4.5.1 Molecular Replacement

The increasing number of available crystal structures through the PDB, molecular replacement
is getting the most popular phasing method. The limitation in this method is the sequence
homology of around 30 % or larger between the known structure and the unknown structure,
where phase information is needed for. Through rotation-translation fitting of the known search
model (calculated diffraction data) into the asymmetric unit of the unknown structure (observed
diffraction data) phase information is obtained. There are two basic methods of placing the
search model into the observed data of the target model. In the six-dimensional search method
at each grid point of the asymmetric unit of the target model, all calculated structure factors of
the search model are placed in different orientations”. The best solution is validated by the
calculation of highest correlation score and the lowest R-value at each grid point. Searching in
all six dimensions simultaneously is very time consuming. Therefore, in the method of rotation-
translation searches the 3-dimensional rotation search will be followed by the 3-dimensional
translation search. The search can be performed using Patterson-based methods with a further
improvement through maximum likelihood functions. In the Patterson map the intramolecular
distance vectors of the search model will be oriented in the position of the intramolecular
distance vectors of the unknown model. The Patterson map can be constructed from Fourier
coefficients, which are calculated from the squared structure factor amplitudes without phase
information.”® Further, the maximum likelihood function also considers for experiment and
model error, e.g. incompleteness, coordinate errors, B-factors and occupancy, in the rotation-

translation searches, which improves the finding of the right solution.

4.5.2 Isomorphous replacement

Soaking or co-crystallisation of a crystal with heavy atoms creates an isomorphous derivative
crystal of the same unit cell compared to the native crystal (no heavy atoms). The phase
problem can be solved by calculating the isomorphous differences of the two crystals through
the differences in intensities of the heavy atoms.”® Either one or more heavy atoms can be

soaked into the crystal for single isomorphous replacement (SIR) or multi isomorphous



From crystal to structure

replacement (MIR). The differences in the structure factor amplitudes of the native (|[Fp|) and
derivative crystal (|[Fpul|) are used to estimate the structure factor amplitudes for the heavy atoms
(IFul) and construct the Patterson difference map. From the now known positions of the heavy
atoms the corresponding phases can be calculated.”® The complex structure factors can be
visualised in an Argand diagram and the graphical representation of the phase (a) calculation
with the Harker diagram, both shown in Figure 24. The Harker construction for the SIR
experiment (Figure 24B) shows two solutions for the calculated phases. To overcome this phase
ambiguity, experiments with additional heavy atoms (MIR) or using the anomalous signal of
the heavy atoms (single wavelength anomalous diffraction, SAD and multiple wavelength
anomalous diffraction, MAD) or a combination of both (SIRAS, MIRAS) as well as density

modification methods could be applied.

A

Figure 24: A) Argand diagram for SIR. B) Harker construction for SIR. C) Harker diagram for MIR with
two heavy-atom derivatives. The reflection amplitudes are [Fp| for the native crystal, |Fpy| for the heavy atom
derivative crystal and [Fy| for the isomorphous difference. The reflection phases are |0lp| for the native crystal,
|otpu| for the heavy atom derivative crystal and |0lg| for the isomorphous difference. Both possible solutions occur

for the native crystal |Fp| were the two circles intersect. To overcome this phase ambiguity a second heavy atom
|Fpiz| in @ MIR experiment can be introduced making only one solution possible.*?

4.5.3 Anomalous diffraction

In the anomalous diffraction method, heavy atoms in the structure absorb X-rays at for each
element very specific wavelength (absorption edge). This absorption of X-rays leads to an
anomalous scattering of the same heavy atom (Fpu) compared to the equally scattering of all
other atoms (Fp) in the molecule. As a consequence, the relationship between amplitudes and
the angles of the diffraction is broken, Friedel’s law is broken (Figure 25B). Friedel’s law
describes that a Friedel pair of two reflections is related by inversion through the origin of the
centrosymmetrically reciprocal space of the crystal. Each pair has an equal amplitude (|Fp|) and
opposite phase (@) (Figure 254). In case of anomalous scattering, amplitudes change, because

of the absorption of the anomalous scatterer. In the experiment, first the specific scattering

|98}
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factors f” (dispersive contribution) and f’ (anomalous contribution) of the heavy atom need to
be determined by an X-ray absorption edge scan (Figure 25C, fluorescence scan of Krypton). In
the next step, for example the MAD experiment, at four different wavelengths, using one
crystal, data sets are collected: (1) Peak point with the largest anomalous differences, (2)
inflection point has the optimal dispersive signal from f* (for dispersive differences between
data sets), (3) high remote with both the anomalous and dispersive signal and (4) low remote
for dispersive difference against inflection data (Figure 25C). Using one crystal for all the data
sets has the advantage that no isomorphism errors are present, but the disadvantage of possible
radiation damage to the crystal. In a SAD experiment, only one data set above the absorption
edge for the heavy atom is required. In the special case of a S-SAD experiment, where sulfur
atoms of the amino acids methionine and cysteine are used as anomalous scatterer, the K-edge
of sulphur is too far away to be reached by a beamline so far. Additionally, the closer you get
to the edge (longer wavelength) the more resolution you lose (lower energy). The problem of
phase ambiguity in a SAD experiment can be solved by density modifications like solvent
flattening, solvent flipping or histogram matching. In both, solvent flattening and flipping, a
solvent region is defined (solvent mask) and the electron density is set to a constant value or
zero, respectively. In the histogram matching the initial electron density map is compared to a
theoretical electron density map, as the electron density values for a given resolution should be

the same.
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Figure 25: (A) Friedel’s law. All members of a Friedel pair have an equal amplitude ((|Fp| = ([Fp|), but an opposite
phase (¢ = -¢). (B) Breakdown of Friedel’s law. Structure factor amplitudes of the derivatised crystal (Fpy) and
the anomalous scatterer (Fu). (C) MAD phasing. All four wavelengths are marked for data set collecting in a
MAD experiment on the example of a krypton fluorescence scan (theoretical values calculated using
http://skuld.bmsc.washington.edu/scatter, 18.12.2016).

4.6 Model building, refinement & validation

Model building, refinement and validation are strongly intertwined. The model building starts
with either an experimental electron density map or a map obtained through molecular
replacement (MR). However, through MR the electron density map might be highly biased
from a poor starting model, which is incomplete or low in sequence identity, and needs further
bias minimisation. The model will be built manually from scratch or with an automated model
building program in real space whereas the refinement takes place in reciprocal space. Solvent
molecules, side-chain conformations, loops, ions and ligands are built into the electron density
map. Still existing stereochemical errors are corrected during restraint refinement including
parameters like bond lengths, bond angles, torsion angles, non-bonded interactions and

chirality. Following every cycle of model rebuilding and restrained refinement to overall fit
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between observed structure factor amplitudes F,»s (from the diffraction experiment) and the
calculated structure factor amplitudes Fea (from the computed model) can be tracked by the
R-value. To determine model quality a free data set, which is excluded from the refinement, is
used as cross-validation. The overall fit of the data and model is computed independently for
the free data set Rje. and the working data set Ryox (Equation 5). The Ry value is further a
good indicator for overfitting of the model (introduction of additional model information most
likely happening through the extensive insertion of water molecules) and potentially
optimisation of restraint weights. Discrepancy from the most favourable model is indicated

through an increase in the gap between Rjee and Ryor-

Equation 5

. thllFobs B Fcalcl
thl Fobs

Additional validation programs like MolProbity’’, WHAT IF*®, PDB validation server® and

R

RAMPAGE!® help with examining geometry errors, close contacts, side-chain flips, ligand
binding, water molecules with no protein interaction and thus, the improvement of the protein
model. Finally, when the structure has no further interpretable positive or negative difference
density, no major geometry errors can be found and the model is biochemically plausible, the

model rebuilding and refinement can be finished.
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Methods

S Hydrogenase ReMBH

All ReMBH protein solutions were expressed and purified by Dr. Stefan Frielingsdorf and
kindly provided by the group of Dr. Oliver Lenz from the Institut fiir Chemie at the Technische

Universitit Berlin.

5.1 Krypton derivatisation

5.1.1 Crystallisation

ReMBH was crystallized with a concentration of about 10 mg ml™! at 277 K. Crystallisation
was performed with the sitting-drop vapour diffusion method in 24-well Linbro plates (Jena
Bio- science). The reservoir solution contained 20-30 % polyethylene glycol 3350, 100 mM
Bis-(2-hydroxy- ethyl)-amino-tris(hydroxymethyl)-methane buffer at pH 5.5. Precipitants and
protein solution were mixed in different ratios (7 - 8 pl) into micro-bridges (Hampton
Research). After 2-4 days, the dark-brown ReMBH crystals were directly flash cooled in liquid

nitrogen (Figure 26).

Figure 26: Wild-type ReMBH crystal in a nylon loop. The ReMBH crystal is mounted at a synchrotron
beamline under LN,.

37



Methods - ReMBH

5.1.2 Data Collection and structure analysis

Diffraction data was collected at the synchrotron radiation facility ERSF in Grenoble, France.
Several native and anomalous data sets were collected with the program MxCUBE'! at the
tunable beamline ID 23-1'2 with a PILATUS 6M-F detector at a wavelength of L = 0.976 A
and L = 0.861 A, respectively. An optimized data collection strategy was automatically
calculated from four test pictures employing the program EDNA using four test images.'% The
collection was performed at 100 K, a detector distance of 200 - 400 mm and a rotation
increment of 0.1° with an exposure time of 0.04 s for each frame. The images of the best data
sets were indexed, integrated and scaled using the XDS program package and the CCP4
program SCALA.'**1% Crystals belong to orthorhombic space group P2;2;2; (approximately
unit cell constants: a=73 A,b=96 A, c =120 A; a =B =7 =90.00°). Initial phases for ReMBH
were obtained by molecular replacement using the structure of native ReMBH (PDB entry
41UC) as initial search model. Molecular replacement was achieved through the CCP4 program
PHASER.'%1% Subsequently, several refinement strategies (real-space refinement, individual
B-factors, occupancies) as well as simulated-annealing and search for water molecules are
calculated with the program PHENIX.'" The anomalous electron density was calculated with
the program FFT of the CCP4 package. The crystal structure was finalized by the CCP4
program REFMAC5.''® Manual rebuilding of the krypton-derivatized ReMBH model and
electron density interpretation was performed after each refinement cycle using the program
COOT.M"! The final models, native and anomalous, have agreement factors Rjice / Ryork of 15.1
%/ 13.3 % and 16.9 % / 13.1 %, respectively.'!? Structure validation was performed with the
programs of the RCSB PDB Validation server”, Molprobity’” and WHAT IF server’. All

molecular graphics representations were created using PyMOL!!3,

5.1.3 Caver tunnel analysis

The Caver 3.0’*8! program was used as PyMOL plugin. The settings in the program have been
changed manually. The initial starting point (NH> of the guanidine-group of the arginine, e.g.
R530. for ReMBH), shell depth (2 A), shell radius (3 A), cluster threshold (3.5 A) and the
desired radius (5 A) maintained constant for all calculations. The minimum probe radius varied
from 1.2 - 1.6 A and calculations were performed in 0.1 A steps. The maximum distance was
adjusted from 3 A to 4 A with an increasing probe radius and up to 9 A in the amino acid
substitutions of the proposed active site gate of Df-hydrogenase. The maximum distance

specifies the maximal distance of the tunnel calculation starting point from the initial starting
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point (arginine). The bottleneck radius is the narrowest part of a given tunnel and corresponds

to the minimum probe radius.

5.2 Oxygen derivatisation

5.2.1 Crystallisation

ReMBH was crystallized with the sitting-drop vapour diffusion method in 24-well Linbro
plates (Jena Bioscience) at a concentration of about 10 mg ml™! and at 277 K. The reservoir
solution contained 20-30 % polyethylene glycol 3350, 100 mM Bis-(2-hydroxy-ethyl)-amino-
tris(hydroxylmethyl)-methane buffer at pH 5.5. Precipitants and protein solution were mixed
in different ratios (7 - 8 pl) into micro-bridges (Hampton Research). After 2-4 days, the dark-
brown needle shaped ReMBH crystals were directly used for high-pressure cooling and O>
derivatisation experiments or were cryo-protected in 15 % glycerol and flash cooled in liquid

nitrogen (LN>) for native data set collection.

5.2.2 High-pressure cryo-cooling

The cryo-protectant free cooling of the ReMBH crystals was performed using a high-pressure
cooling system recently developed at the ESRF in Grenoble (Figure 27).!'* The needle shaped
crystals were directly harvested from the crystallization drop with specific pluggable sample
supports (MiTeGen, Ithaca) and transferred into the pressurizing drop tubes at room
temperature. The lower parts of the drop tubes are then cooled in LN> and the crystals are
pressurized with 2000 bar of helium. Following, the crystals were dropped into the bottom of
the tube and cooled at 77 K. Finally, the system was depressurized, the crystals handled in
liquid nitrogen and stored under LN, for further X-ray experiments. Four crystals were high-

pressure cooled at the same time.
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Figure 27: Photograph of high-pressure cooling device. Figure 27 was inherited from van der Linden et al.''*
(a) shows the Helium (He) cylinder followed by a two-stage compressor. (b) shows the cooling bench, with four
sample drop tubes (250 mm length, 2.4 mm diameter). It also provides a Xe/Kr cylinder for noble gas derivative
preparation.

5.2.3 Oxygen derivatisation

The ReMBH crystals were derivatised with O> gas in a cryogenic oxygen pressure cell newly
developed at the ESRF in Grenoble.'"> Each time one crystal was harvested from the
crystallization drop with a specific pluggable sample support (MiTeGen, Ithaca) being
surrounded by mother liquor including 15 % glycerol. The crystal was then loaded into the
pressurising drop tube at room temperature. The ReMBH crystals were pressurized at 56 bar
(5600 kPa) and 70 bar (7000 kPa) in a time frame of 15 - 77 min. Still under pressure the crystal
was dropped into the bottom of the tube and cooled at 77 K. After depressurizing the system,
the crystal was handled with a specially designed cryo-toolkit and stored under liquid nitrogen

for further experiments (Figure 28).

Figure 28: O derivatised ReMBH in a capillary. The derivatised ReMBH crystal is mounted in the capillary at
a synchrotron beamline under LN,.

5.2.4 Data Collection and structure analysis

Diffraction data was collected at the synchrotron radiation facility ESRF in Grenoble, France.
The best high-pressure (HP) data set was collected at the tuneable beamline ID29'® with a
PILATUS 6M-F detector at a wavelength of 0.976 A. The best O derivatised (OxD) and
reference (REF) data set were collected at the tuneable beamline ID30B with a PILATUS 6M-

F detector at a wavelength of 0.976 A. All data sets were measured using data collection and
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strategy software packages MxCube'°! and EDNA.'® The data collection was carried out in the
helical rotation mode at 100 K, a rotation increment of 0.05 © with an exposure time of 0.037 s
for each frame (3000 images) and a detector-to-crystal distance of 191 mm, 163 mm and 256
mm for the HP, OxD and REF data set, respectively. The images of the best data set were
indexed, integrated and scaled using the XDS 2 package'® and the CCP4 program
SCALAY 106107 A crystals belong to orthorhombic space group P2;2;2; (approximately unit
cell constants HP: 121.57 a = 7339 A, b =95.70 A, ¢ = 121.57 A; o = B =y = 90.00 °,
approximately unit cell constants OxD: a = 73.13A, b=95.57 A, ¢ = 119.69 A; 0 =B =7y =
90.00 °, approximately unit cell constants REF: a=73.11 A, b=95.57 A, c=119.83 A; a =
= v = 90.00 °). Initial phases for ReMBH (HP, OxD, REF) were obtained by molecular
replacement based on the crystal structure of the reduced state ReMBH (PDB entry 4TTT) as
initial search model using the CCP4 program PHASER.'°%'%® Subsequently, different
refinement strategies (inter alia real-space refinement, B-factor refinements) and simulated-
annealing (slow cooling protocol, maximum likelihood target function, energy minimization)
were carried out. The search for water molecules was performed with the PHENIX program.'®
The crystal structure was finalized with the CCP4 program REFMACS5.''° Manual rebuilding
of HP, OxD and REF models and electron density interpretation were performed after each
refinement cycle using the program COOT.!!! The final OxD model has agreement factors Rjice
/ Ryork of 13.2 % / 16.3 %.''? Structure validations were performed with the programs of the
RCSB PDB Validation server’, MolProbity server’” and WHAT IF server’. All molecular

graphics representations were created using PYMOL.!!3

5.2.5 Caver tunnel analysis

The Caver 3.0 program was used as PyYMOL plugin.”>!!3 The settings in the program have been
changed manually. The initial starting point (NH> of the guanidine-group of the arginine, i.e.
R530. for ReMBH), shell depth (2 A), shell radius (3 A), cluster threshold (3.5 A), desired
radius (5 A) and the maximum distance (3 A) maintained constant for all calculations. The
maximum distance specifies the maximal distance of the tunnel calculation starting point from
the initial starting point (arginine). The bottleneck radius is the narrowest part of a given tunnel
and corresponds to the minimum probe radius. The tunnels itself are ordered due to specific
cost function, e.g. two tunnels with equal radii the one with the shorter distances has a lower

cost. The tunnel with the lowest cost will be the primary tunnel.
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6 Lipoxygenase Pa-LOX

All Pa-LOX protein solutions were expressed and purified by Swathi Banthiya and kindly
provided by the group of Prof. Hartmut Kiihn from the Institut fiir Biochemie at the Charité -

Universitiatsmedizin Berlin.

6.1 Pa-L OX wild-type

6.1.1 Crystallisation

Pa-LOX was crystallized in two different crystallization buffers leading to two crystal forms.
Crystallizations were performed with the sitting-drop vapour diffusion method in 24-well
Linbro plates (Jena Biosciences, Jena, Germany) and a protein concentration of about
15 mg ml! at 293 K. The first crystallization condition (crystal form 1) was obtained over a
reservoir solution containing 10 % polyethylene glycol (PEG) 3350, 50 mM magnesium
chloride (MgCl») and 100 mM HEPES buffer at pH 5. Precipitants and protein solution were
mixed in a 1.5/2 pl ratio into micro-bridges (Hampton Research, Aliso Viejo, USA). After 6—
8 weeks the needle shaped Pa-LOX crystals were cryo-cooled in liquid nitrogen using 20 %
glycerol. The reservoir solution of the second crystallization condition (crystal form 2)
contained 12 % PEG 3350, 0.2 M MgCl; and 0.1 M tris(hydroxymethyl) aminomethane at pH
1. Precipitants, protein solution and seeding stock in a ration 1.0 : 1.5 : 0.5 were mixed into
micro-bridges (Hampton Research, Aliso Viejo, USA) according to the Microseed Matrix
Seeding (MMS) protocol from Hampton Research. The protocol describes the crushing of
crystals in 50 pl of the crystallisation buffer with a seed bead, followed by a preparation of
differently diluted stock solutions (1/10, 1/10%, 1/10%, 1/10%, 1/10°%) (Figure 29). After 3—6 weeks
the plate-shaped crystals were cryo-cooled in liquid nitrogen using 25 % glycerol as cryo-
protectant. The cryo-protectant was mixed to the crystallization buffer in 5 % steps (15 %,

20 % and 25 %).
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Figure 29: Plate-shaped crystals of Pa-LOX. Pa-LOX crystals in a vapour diffusion sitting drop after
microseeding.

6.1.2 Data collection and structure analysis

Diffraction data were collected at 100 K using synchrotron X-ray sources from BESSY II
(Berlin, Germany) and ESRF (Grenoble, France). The best diffraction datasets of both Pa-LOX
crystal forms were collected at synchrotron beamline ID23-1'%? at ESRF with a Pilatus 6M-F
detector at 0.972 nm wavelength. The data collection and strategy software packages
MxCuBE"™! and EDNA'® were used. The data collection of the first crystal form (needle shape
— crystal form 1 was performed with a crystal-to-detector distance of 284 mm and a rotation
increment of 0.1° with 0.04 s exposure time for each frame (1200 images). 1500 images of the
second crystal form (plate shape — crystal form 2 were collected with a crystal-to-detector
distance of 215 mm and a rotation increment of 0.1° with an exposure time of 0.04 s for each
frame. The images of each data set were indexed, integrated and scaled using the XDS'*

419 program SCALA'®. The crystal form 1 belongs to the

program package and the CCP
orthorhombic space group P2;2,2 (approximately unit cell constants: a=133.09 A, b=116.35
A, c=42.72 A, o= P =7=90.00°). The crystal form 2 belongs to the orthorhombic space group
C222; (a=83.74 A,b=9739 A, c = 153.84 A, a = B = y= 90.00°). Initial phases for both
crystal forms of wild-type Pa-LOX were obtained by the conventional molecular replacement
protocol (rotation, translation, rigid-body fitting) using the crystal structure of the
phospholipid-lipoxygenase complex from Pseudomonas aeruginosa (PDB entry 4G32) as
initial search model, which was used in the program PHASER'® of the CCP4 software

106,107 A

package simulated-annealing procedure with the resulting models were performed

using a slow-cooling protocol and a maximum likelihood target function, energy minimization
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and B-factor refinements by the program PHENIX'?, which were carried out in the resolution
range of 43.80 — 1.90 A for the crystal form 1 and 48.97 — 1.48 A for the crystal form 2,
respectively. After the first round of refinements, phospholipid substrates in the ligand-binding
pockets were clearly visible in the electron density of both cA-weighted 2Fo-Fc maps, as well
as in the cA-weighted simulated annealing omitted density maps for both crystal forms of Pa-
LOX. Both Pa-LOX crystal forms were modelled with TLS refinement (TLS - for Translation,
Libration (small movements) and Screw-rotation of a group of atoms) using anisotropic
temperature factors for all atom.!!” Restrained, individual B-factors were refined, and the
crystal structure was finalized by the CCP4 program REFMACS5''" and other programs of the
CCP4 suite'*®!7. The final model has agreement factors Rjic. and Ryo of 18.2 % and 14.4 %,
for wild-type Pa-LOX crystal form 1 and 15.5 % and 13.6 %, for wild-type Pa-LOX crystal
form 2, respectively. Manual rebuilding of the wild-type Pa-LOX crystal form 1 and 2 models
and electron density interpretation were performed after each refinement cycle using the
program COOT!'!. Structure validation was performed with the programs PHENIX'®, RCSB
PDB Validation server®”, MolProbity”’, SFCHECK!!8, PROCHECK'!’, WHAT IF server’® and
RAMPAGE!®. All crystal structure superpositions of backbone a-carbon traces were
performed using the CCP4 program LSQKAB!%. All molecular graphics representations in

this work were created using the PyMOL!!3 software package.

6.2 Pa-LOX Ala420Gly mutant

6.2.1 Crystallisation

Purified Ala420Gly mutant was crystallized with the sitting-drop vapour diffusion method in
24-well Linbro plates (Jena Biosciences, Jena, Germany) at a protein concentration of about
15 mg ml! at 293 K. The reservoir solution contained 12 % PEG 3350, 0.2 M MgCI2 and
0.1 M tris(hydroxymethyl)-aminomethane at pH 7.1. Precipitants, protein solution and seeding
stock were mixed into micro-bridges (Hampton Re-search, Aliso Viejo, USA) according to the
Microseed Matrix Seeding (MMS) protocol from Hampton Research. After 2-3 weeks the
plate-shaped crystals were cryo-cooled in liquid nitrogen using 25 % glycerol as cryo-
protectant. The cryo-protectant was mixed with the crystallization buffer in 5 % steps (15 %,

20 %, 25 %).
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6.2.2 Data collection and structure analysis

Diffraction data was collected at the synchrotron radiation facility ERSF in Grenoble, France.
The best data set was collected at the tuneable beamline ID 23-1'% with a PILATUS 6M-F
detector at a wavelength of A =0.972 A using the data collection and strategy software packages
MxCube'® and EDNA'®. The collection was performed at 100 K, a crystal-to-detector distance
of 261 mm and a rotation increment of 0.15° with an exposure time of 0.04 s for each frame
(1000 images). The images of the best data set were indexed, integrated and scaled using the
XDS program package!®* and the CCP4 program SCALA'%>'%, Crystals show the orthorhombic
space group C222; (approximately unit cell constants: a=84 A,b=97 A, c=156 A; a =B =
v = 90.00°). Initial phases for Pa-LOX Ala420Gly mutant were obtained by molecular
replacement based on the crystal structure of the phospholipid-lipoxygenase complex from
Pseudomonas aeruginosa (PDB entry 5IR4) as initial search model using the CCP4 program
PHASER'®. Subsequently, different refinement strategies (inter alia real-space refinement, B-
factor refinements) and simulated-annealing (slow cooling protocol, maximum likelihood
target function, energy minimization) were carried out. The search for water molecules was
performed with the PHENIX program'®. The crystal structure was modelled with TLS
refinement using anisotropic temperature factors for all atoms.!!” The crystal structure was
finalized with the CCP4 program REFMACS5''°. Manual rebuilding of the Pa-LOX Ala420Gly
mutant model and electron density interpretation was performed after each refinement cycle
using the program COOT'!!. The final model has agreement factors Rjice / Ruork of 17.1 % /
13.9 %.!12? Structure validations were performed with the programs of the RCSB PDB
Validation server”, MolProbity server’’ and WHAT IF server’. All molecular graphics

representations were created using PyMOL.!!3

6.2.3 Structural modelling of enzyme — fatty acid complexes

The crystal structure of the Pa-LOX Ala420Gly mutant, described here, contains a
phosphatidylethanolamine molecule bound at the substrate-binding pocket. The two fatty acid
moieties of this endogenous ligand occupy two adjacent fatty acid binding sub-cavities, which
are connected by a lobby, which harbours the polar head group of the phospholipid. The sub-
cavity that contains the snl fatty acid involves the catalytic non-heme iron. Linoleic acid and
arachidonic acid molecules were modelled into this sub-cavity on the basis of the electron
density of the endogenous ligand. Both structures of the two fatty acids were obtained from the

COOT""! small molecule library and directly fitted into the electron density via several steps
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of rotation, translation and real space refinement. The model-complex structure was finalized
using the structure idealization procedure of the CCP4 program REFMACS5'?, following a

refinement of geometric restrains in COOT!!.

6.2.4 Caver tunnel analysis

The Caver 3.07 program was used from the plugin of the program PyMOL!!®. The settings in
the program have been changed manually. The C11 and C15 carbon atom of the docked
arachidonic acid as well as the C9 and C13 of linoleic acid served as initial starting point in the
crystal structures of both Pa-LOX wild-type (PDB entry 5IR4) and Ala420Gly mutant (PDB
entry SLC8). The shell depth (4 A), shell radius (3 A), cluster threshold (3.5 A), the maximum
distance (3-4 A) and the desired radius (5 A) maintained constant for all calculations. The
maximum distance specifies the maximal distance of the tunnel calculation starting point from
the initial starting point. The minimum probe radius was defined by the largest value showing

tunnel within the given parameters.
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7 Hydrogenase ReMBH

i. Krypton Derivatization of an O2-Tolerant Membrane-Bound
[NiFe] Hydrogenase Reveals a Hydrophobic Tunnel Network for

Gas Transport.
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Krypton Derivatization of an O,-Tolerant Membrane-Bound [NiFe]
Hydrogenase Reveals a Hydrophobic Tunnel Network for Gas

Transport

Jacqueline Kalms, Andrea Schmidt, Stefan Frielingsdorf, Peter van der Linden,
David von Stetten, Oliver Lenz, Philippe Carpentier, and Patrick Scheerer*

Abstract: [NiFe] hydrogenases are metalloenzymes catalyzing
the reversible heterolytic cleavage of hydrogen into protons
and electrons. Gas tunnels make the deeply buried active site
accessible to substrates and inhibitors. Understanding the
architecture and function of the tunnels is pivotal to modulat-
ing the feature of O, tolerance in a subgroup of these [NiFe]
hydrogenases, as they are interesting for developments in
renewable energy technologies. Here we describe the crystal
structure of the O,-tolerant membrane-bound [NiFe] hydro-
genase of Ralstonia eutropha (ReMBH), using krypton-
pressurized crystals. The positions of the krypton atoms
allow a comprehensive description of the tunnel network
within the enzyme. A detailed overview of tunnel sizes, lengths,
and routes is presented from tunnel calculations. A comparison
of the ReMBH tunnel characteristics with crystal structures of
other O,-tolerant and Oj-sensitive [NiFe] hydrogenases
revealed considerable differences in tunnel size and quantity
between the two groups, which might be related to the striking
feature of O, tolerance.

The transport of reactants from the protein exterior to
a buried active site or between multiple catalytic centers via
protein tunnels is common to all six enzyme classes.?l A
particular remarkable example for the tunneling of inter-
mediates is the class 6 enzyme carbamoyl phosphate synthe-
tase. The three active sites are connected by two substrate
tunnels spanning a total distance of almost 100 A.P! The
access of the substrate to a buried active site has been studied
in various enzymes, for example, bacteriorhodopsin, lipox-
ygenase, photosystem II, and hydrogenase.[*”) Hydrogenases
are metalloenzymes that catalyze the reaction H,=H +
H'=2e +2H". They are widespread in all three domains
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of life and are classified according to the metal located at the
active site. Members of the class of [Fe] hydrogenases catalyze
a crucial step of methanogenesis in hydrogenotrophic arch-
aca.l'”! The [FeFe] hydrogenases are mostly involved in H,
production under strictly anaerobic conditions, whereas
[NiFe] hydrogenases are primarily H,-oxidising enzymes.!"!!
[NiFe] hydrogenases can be further subdivided into O,-
sensitive and O,-tolerant enzymes. O,-sensitive hydrogenases
are irreversibly inactivated in the presence of O,, which is
presumably caused by the reaction of reactive oxygen species
with the metal cofactor(s)."” In contrast, O,-tolerant hydro-
genases retain their enzymatic function in the presence of
0,1 which makes them attractive for biotechnological
applications.'!! The feature of O, tolerance is related to the
capability of the enzymes to use some of the electrons
generated by H, oxidation for the complete reduction of O, to
harmless water.'**! Prominent members of the O,-tolerant
enzymes belong to the group 1 membrane-bound [NiFe]
hydrogenases (MBHs), which are made up of three subunits.
The large subunit contains the [NiFe] active site where
hydrogen splitting occurs and the small subunit harbors three
[FeS] clusters that establish an electronic connection between
the catalytic center and the third subunit, a membrane-
integral cytochrome bsg,. In this study we employed the
catalytically active ReMBH heterodimer lacking cytochro-
me bsg,.

According to the nature of the gas molecule approaching
the [NiFe] active site via a hydrophobic tunnel, different
enzymatic reactions take place. During the catalytic cycle H,
is oxidized to protons and electrons. Protons are transported
to the protein surface via protonatable amino acids and water
molecules.'® Electrons are guided through a relay composed
of several iron-sulfur clusters to the primary electron
acceptor.'”! In the event of O, approach, an additional
reaction is proposed to occur at the [NiFe] active site. In this
catalytic reactivation process, electrons are delivered from the
electron relay to reduce O, with the aid of protons to H,O,
which then is released to the protein surface through a nearby
water channel (Figure 1). Under aerobic conditions the
[4Fe3S] cluster of the electron relay can undergo two redox
transitions at physiological potential and transfers a second
electron to the active site. In this two-electron mode structural
changes occur at this cluster and one iron ion (Fe4) changes its
binding partners (iron shift).'¥! The crystal structures avail-
able so far for ReMBH!'" ¥l revealed plausible pathways for
electron transport and water release, while both the proton
pathways and gas transport routes remained largely unde-
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large subunit

Figure 1. Ribbon representation of the large and small subunit of
ReMBH (PDB entry: 3RGW) with the [NiFe] active site and its [FeS]
clusters (proximal: [4Fe3S], medial: [3Fe4S], distal: [4Fe4S]) shown as
balls and sticks. The gas tunnel (magenta) and the water channel
(blue) are depicted as surfaces (calculated for all figures with
PyMOL).® Water molecules (spheres) of the tunnel and channel are
shown in the corresponding color (magenta/blue). The routes for H,/
0, and H,0 through the tunnels/channels are indicated by the light-
blue and yellow arrows, respectively. The electron flow is represented
by black arrows.

fined. Efficient gas transport to the deeply buried active site
requires a tunnel that connects the protein exterior with the
catalytic center.!"!

In 1997, a gas tunnel was proposed based on the
derivatization with xenon (Xe) gas in crystals of O,-sensitive
[NiFe] hydrogenase from Desulfovibrio fructosovorans
(Df).PT Here we present high-resolution X-ray data of the
O,-tolerant ReMBH with multiple krypton (Kr) binding sites
according to which a hydrophobic gas tunnel was defined. The
hydrophobicity and high atomic number of noble gases like
Kr and Xe make them favorable for the investigation of
hydrophobic gas tunnels in pressurization experiments and X-
ray studies.***! A comparison of the gas tunnel architectures
derived from crystal structures of O,-sensitive and O,-tolerant
[NiFe] hydrogenases of various organisms uncovered signifi-
cant differences, which are discussed in light of the O,
tolerance of some [NiFe] hydrogenases.

In order to track the location of the hydrophobic gas
tunnel we used the efficient method of noble gas derivatiza-
tion of ReMBH crystals. Several native and anomalous data
sets were collected (high-resolution and anomalous datasets
at 1.47 A and 2.52 A resolution, respectively; see Table S1 in
the Supporting Information). The overall protein structure of
the krypton-derivatized ReMBH, including the four metal
cofactors, is structurally identical to that of the as-isolated
(“oxidized state 2”) wildtype enzyme."® The [NiFe] active site
resides in the so-called Ni-B state, characterized by an OH™
ligand bridging the two metals. The corresponding Ni-Fe
distance is 2.85 A. The structure of the [4Fe3S] cluster,
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however, shows some heterogeneity as the iron ion (Fe,)
involved in the iron-shift was found in a double conformation,
which is reflected by an extended electron density (Fig-
ure S1). The increased flexibility might be caused by the noble
gas derivatization method. However, the cluster structure is
certainly no mixture of the previously reported H,-reduced
and “oxidized state 2”, because both Fe, positions in the
current structure are close to the position found in the
“oxidized state 2”."®! The ReMBH structure contains 19 Kr
sites with different occupancies located in tunnels and cavities
(Table S2 and Figure S2). 15 out of 19 krypton atoms form an
apparent hydrophobic gas tunnel network that connects the
protein surface with the [NiFe] active site (Figure 2). Water

Figure 2. Stick representation of the large and small subunit of
krypton-derivatized ReMBH (PDB entry: 5D51). The [NiFe] active site
and the [FeS] clusters are shown as balls and sticks. The hydrophobic
gas tunnel and the water channel are depicted as gray surfaces.
Krypton atoms (magenta) and water molecules (blue) are shown as
single spheres. R530, served as the initial starting point for Caver
calculations. The results are represented by green and orange chains
with a bottleneck radius of 1.3 A and 1.5 A, respectively.

molecules are located in hydrophilic cavities that form a water
channel, which links the catalytic center with the protein
exterior (Figure 2). The gas can enter the hydrophobic tunnel
network through two openings, gas tunnels A and B, at the
enzyme surface (Figure 2). Montet et al.”) showed previously
two main inlets for Xe and H, in the Df-[NiFe] hydrogenase,
which are partially in agreement with the tunnel entrances of
ReMBH. The proposed main inlet in channel b-a of Df-
hydrogenase was found blocked in ReMBH (branch 2),
whereas the second entrance located in channel ¢ corresponds
to the gas tunnel A entrance in our structure (Figure 2). The
second gas tunnel opening in ReMBH (gas tunnel B) refers to
channel f-d in the Df enzyme, which was reported as a func-
tionally unimportant path for gas diffusion.”! The 10 Xe sites
identified by Montet etal. appear to occupy the same
hydrophobic pathways that were revealed by krypton deriva-
tization in our study.

To further support our experimental results, tunnel
calculations were conducted with the program Caver.”" We
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performed the analysis with a minimal probe radius of 1.2 A,
which corresponds to the van der Waals radius of hydrogen
(Table S3). The tunnel prediction with Caver was carried out
in 0.1 A steps up to 1.6 A, which was the largest value showing
tunnels. The invariant amino acid residue R530, (ReMBH
nomenclature: L=large and S=small subunit), which is
located in close proximity to the [NiFe] active site, served as
the initial starting point for the tunnel calculations (Figure 2).
This particular arginine is conserved among the [NiFe]
hydrogenases known so far.['-?!

The calculations revealed two plausible tunnel pathways
in ReMBH, which are in agreement with the position of the
krypton atoms (Figure 2). Gas tunnel A is 30 A in length with
a maximum bottleneck radius (narrowest part of a given
tunnel)® of 1.5A. The gas tunnel B is 50 A long with
a bottleneck radius of 1.3 A (Figure 2 and Table S4). The
calculated routes are in full agreement with the chain of
krypton atoms in the ReMBH structure. Subsequently, we
examined the crystal structures of various group 1 hydro-
genases for the presence of possible gas tunnels calculated
with Caver. For that purpose the O,-tolerant enzymes from
Ralstonia eutropha (Re), Escherichia coli (EcHyd-1), Hydro-
genovibrio marinus (Hm), and Salmonella enterica (Se) were
compared to the O,-sensitive hydrogenases from Desulfovi-
brio gigas (Dg), Desulfovibrio desulfuricans (Dd), Desulfovi-
brio vulgaris (Dv), Desulfovibrio fructosovorans (Df), and
Allochromatium vinosum (Av) (Tables S4 and S5). A com-
parison of gas tunnel networks of O,-tolerant and O,-sensitive
hydrogenases is exemplified by ReMBH and Dv hydrogenase
(Figure 3). Although substantial sections of the gas tunnel
network seem to be conserved (Figure 3), there are significant
differences between the hydrogenases regarding the number
of tunnels leading to the protein surface (see Tables S4 and
S5). O,-tolerant hydrogenases contain on average only two
tunnels; the only exception is HmMBH,?! which harbors
three and four tunnel openings for the H,-reduced and air-
oxidized states, respectively. The tunnel bottleneck radii
range between 1.2 A and 1.5 A. Thus, there is a remarkable
congruence concerning the number of gas tunnels (ca. two) in
O,-tolerant [NiFe] hydrogenases. A similar consistency holds
true for O,-sensitive enzymes. Except for Dd hydrogenase!®!
with only two tunnels, the other four analyzed enzymes
contain at least five tunnel openings. The corresponding
bottleneck radii range between 1.2 A and 1.6 A.

In conclusion, the occurrence of hydrophobic tunnels and
openings in O,-sensitive hydrogenases is on average two times
higher than in their O,-tolerant counterparts (Tables S4 and
S5). Although HmMBH, EcHyd-1,” and Dd hydrogenase
show a tunnel network similar to that of their consensus
counterparts, there is a considerable difference in the number
of tunnel openings. Branches 1 and 2 (Figure 2), which are
open for gas access in all studied O,-sensitive enzymes
(Figure 3), are blocked in Dd hydrogenase. O,-tolerant
HmMBH contains openings for the two gas tunnels at the
end of branches1 and 2. According to the calculations,
EcHyd-1 has only one opening located at gas tunnel A
(Figure 4). The fact that gas tunnel A seems to be present in
all O,-tolerant and O,-sensitive [NiFe]| hydrogenases leads to
the conclusion that this tunnel is mainly used for gas transport
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Figure 3. Stick representation of the O,-tolerant ReMBH (PDB entry:
3RGW, orange) and O,-sensitive Dv hydrogenase® (PDB entry: TWUL,
dark blue). The [FeS] clusters and the [NiFe] active site are illustrated
as balls and sticks. The hydrophobic gas tunnels in ReMBH (in
orange) and Dy (in dark blue) are also shown. Hydrophilic pockets
and tunnels of Dv hydrogenase are depicted in light blue.

(Figure 2). Differences between the hydrogenases are also
manifested in the gas tunnel dimensions. The majority of the
tunnels present in O,-tolerant and O,-sensitive enzymes
feature a bottleneck radius of 1.2 A (37.5%) and 1.3 A

{gas tunnel A

Figure 4. Superposition of the hydrophobic tunnels from ReMBH (PDB
entry: 3RGW, gray) and EcHyd-1 (PDB entry: 3UQY, dark red). The
protein backbone of ReMBH and the four metal cofactors shown as
balls and sticks. The superposed gas tunnels are depicted as surfaces.
Close-up view: The three EcHyd-1 amino acids (M129,, 1132, F203))
blocking gas tunnel B are shown as dark-red sticks. They are super-
posed with the ReMBH amino acids L128,, V131, V203, (green
sticks).
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(43.5%), respectively, and they span distances of 28-76 A
between the protein surface and the reactive center. How-
ever, on average the tunnels with the largest bottleneck have
the shortest length. As evident in Figure 2, the ReMBH gas
tunnel A has the largest bottleneck radius of 1.5 A and
a short length of 30 A; in contrast, gas tunnel B is 50 A in
length and has a bottleneck radius of just 1.3 A. The gas
tunnel dimensions in all other studied structures (except Dv
hydrogenase/®') show a similar relation. As mentioned above,
there is a considerable conformity of the gas tunnel archi-
tecture in O,-tolerant and O,-sensitive [NiFe] hydrogenases,
particularly in close proximity to the active site. According to
our calculations, the calculated starting point of the tunnel is
situated 3-4 A away from the conserved arginine residue
(R530, in the case of ReMBH; Figure 2). An increase in the
bottleneck radius would lead to a greater maximum distance
between initial and calculated starting point. This implies that
the end of the gas tunnel close to the active site is getting
narrower. Such an effect has already been observed for Df
hydrogenase carrying amino acid substitutions at the pro-
posed active site gate (Table $6).*°! Moreover, a previous
study demonstrated that an expansion by site-directed amino
acid replacements of the potential gas tunnel of the H,-
sensing regulatory hydrogenase of Re yielded variants that
are sensitive to inhibition by O, In Df hydrogenase,
replacement of the highly conserved residues, V74, and
L122,, by M74,/M122, (PDB entry: 3CUR) and 174,/F122;
(PDB entry: 3CUS) led to a shift of the calculated starting
point of the tunnel of 9 A away from R530,, due to the steric
bulk of the amino acid side groups (Figure $3).?*! We used the
corresponding crystal structures to calculate a virtual gas
tunnel at 3 A maximum distance to the conserved arginine.
This calculation revealed a tunnel bottleneck radius of only
1 A, which makes it rather difficult for O, and even H, to
reach the active site.

This assumption is indeed reflected by a substantial
increase in the Michaelis constant for H, in the case of the
V74, /L122, F (K, H, =50 um) and V74, M/L122;M (K, H, =
200 um) variants compared to the native Df hydrogenase
(K,,H, =10 um).*®! The single amino acid substitutions led to
a maximum distance similar to that of the native structure
(Table S6). The crystal structures indicate a slightly larger
distance between the conserved gate residues, valine and
leucine, in O,-tolerant hydrogenases than in O,-sensitive
enzymes. This is mainly due to conformational differences of
residue L125; (ReMBH nomenclature) (Figure S4). The
experimental data of double-exchange variants of Df hydro-
genase and the Caver calculations demonstrate that an
exchange of the active-site gate amino acids to bulkier
residues and the diameter of the gas tunnel ending have
a major impact on the gas flow to the active site. Intriguingly,
there is more variability in amino acids involved in tunnel
formation within the group of O,-sensitive hydrogenases than
we observe in O,-tolerant hydrogenases. Both groups show an
amino acid invariance of 37.4% within conserved tunnel
structures (Figures S7 and S8).

Additionally, we identified a hydrophilic tunnel directly at
the medial [3Fe4S] cluster exclusively in the O,-sensitive
hydrogenases. This tunnel is blocked by a tryptophan in O,-
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tolerant hydrogenases, which replaces a phenylalanine pres-
ent in O,-sensitive enzymes (except for the Av hydroge-
nase®) (Figures S5 and S6). Blocking the [3Fe4S] cluster to
solvent accessibility might influence the electrochemical
potential of the cluster.” In the case of O,-tolerant enzymes
only EcHyd-1 shows major differences in amino acid compo-
sition of the gas tunnel network. The bulkier amino acids
F203,, M129,, and 1132, block the gas tunnel B (Figure 4,
Table S7).”Y The main gas tunnel A has a bottleneck radius of
1.2 A and is 32 A in length.

Based on the positioning of the krypton atoms in the
hydrophobic tunnels of ReMBH and the corresponding
theoretical prediction of gas tunnel routes in both O,-sensitive
and O,-tolerant [NiFe] hydrogenases, we hypothesize that the
O,-sensitive enzymes have a more complex tunnel network
and more openings than their O,-tolerant counterparts. This
may lead to increased gas diffusion rates for both H, and
inhibitory gases such as O, and CO. In comparison, the gas
tunnels of O,-tolerant hydrogenases seem narrow and have
fewer openings. This property presumably limits the gas flow
rate to the catalytic center, which in turn may contribute to
the remarkable O, tolerance of these enzymes. We would like
to emphasize that the results of this study are based on the
analyses of static crystal structures. However, dynamic
changes of the gas tunnel networks are likely affecting gas
access to the active site, and molecular dynamics (MD)
simulations represent an invaluable tool to investigate such
effects in future studies. Our krypton-pressurized ReMBH
crystal structure therefore represents an excellent starting
point for comprehensive MD simulations in order to inves-
tigate gas diffusion processes in relation to continuous
changes in the gas tunnel diameters. In addition, investigating
ReMBH variants providing gas tunnel modifications could be
helpful to further prove our hypothesis.

Experimental Section

ReMBH was produced and purified as described previously.
Optimized ReMBH crystals were obtained using sitting-drop vapor
diffusion!"”"™ and were krypton-pressurized with a high-pressure
cooling system.’”! A detailed description of all experiments can be
found in the Supporting Information.
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Experimental Section

Protein expression and purification. Native ReMBH was expressed and purified in the as-isolated (air-
oxidized) state as described elsewhere."2. In brief, R. eutropha strain HF649 was grown in modified FGN
medium containing 0.05 % (w/v) fructose and 0.4 % (w/v) glycerol. Buffled Erlenmeyer flasks were filled
to 80 % of their capacity and shaken at 120 rpm at 30 °C for up to 10 days. The cell pellets were resus-
pended in 50 mM potassium phosphate (K-PO4) buffer pH 7.2 containing Complete EDTA-free protease
inhibitor mixture (Roche), and DNase I (Roche). The cell suspension was subsequently disrupted in a
French pressure cell (SLM Aminco) via two passages at 1,241 bar. Cell debris was removed by low-speed
centrifugation (4,000 g at 4 °C for 20 min). Subsequently, K3[Fe(CN)s] was added to a final concentration
of 50 mM, and membrane and soluble fractions were separated by ultracentrifugation (100,000 g at 4 °C
for 60 min). The membrane pellet was resuspended in an appropriate volume of buffer (50 mM K-POs,
pH 7.2; 150 mM NaCl) and ultra-centrifuged again (100,000 g at 4 °C, 35 min). Membrane proteins were
solubilized in 10 ml solubilization buffer (50 mM K-POas, pH 7.2; 150 mM NacCl; 2 % (w/v) Triton X-
114; complete protease inhibitor mixture) per 1 g of membrane pellet and the suspension was then stirred
on ice for 2 h. After ultracentrifugation (100,000 g, 4 °C, 40 min), the supernatant was loaded on Strep-
Tactin Superflow columns (IBA, Goéttingen, Germany). The columns were washed with 10 bed volumes
of washing buffer (50 mM K-PO4, 150 mM NaCl), and proteins were eluted with three bed volumes of
elution buffer (washing buffer, 3 mM desthiobiotin, 10 % (w/v) glycerol). MBH-containing fractions were
pooled and concentrated using a centrifugal filter device (Amicon Ultra-15 (PL-30), Millipore). Aliquots
of the resulting concentrate were frozen in liquid N2 and stored therein. Protein concentrations were de-

termined using a BCA kit (Pierce, USA) using BSA as standard.

Crystallization. ReMBH was crystallized with a concentration of about 10 mg ml™ at 277 K. Crystalli-
zation was performed with the sitting-drop vapour diffusion method in 24-well Linbro plates (Jena Bio-

science). The reservoir solution contained 20-30 % polyethylene glycol 3350, 100 mM Bis-(2-hydroxy-
3



ethyl)-amino-tris(hydroxymethyl)-methane buffer at pH 5.5 - 6.5. Precipitants and protein solution were
mixed in different ratios (7 - 8 ul) into micro-bridges (Hampton Research). After 2-4 days the dark-brown

ReMBH crystals were directly flash cooled in liquid nitrogen.

High-pressure krypton derivatization. Krypton derivatization was performed using a high-pressure
cooling system recently developed at the ESRF in Grenoble.? The crystals were harvested with specific
pluggable sample supports (MiTeGen, Ithaca) and transferred into the high pressure sample cell. After 10
min of pressurization under 80 bar of krypton gas, the krypton-containing crystals were directly flash-

cooled, then depressurized and handled in liquid nitrogen.’

Structure analysis. Diffraction data was collected at the synchrotron radiation facility ERSF in Grenoble,
France. Several native and anomalous data sets were collected with the program MXCUBE* at the tunable
beamline ID 23-1° with a PILATUS 6M-F detector at a wavelength of A = 0.976 A and A = 0.861 A,
respectively. An optimized data collection strategy was automatically calculated employing the program
EDNA.® The collection was performed at 100 K, a detector distance of 200 - 400 mm and a rotation
increment 0.1° with an exposure time of 0.04 s for each frame. The images of the best data sets were
indexed, integrated and scaled using the XDS program package and the CCP4 program SCALA."® Crys-
tals belong to orthorhombic space group P2;2:21 (approximately unit cell constants: a =73 A, b =96 A,
c =120 A; a =B =y =90.00°). Supplementary Table S1 summarizes the statistics for crystallographic
data collection and structural refinement. Initial phases for ReMBH were obtained by molecular replace-
ment using the structure of native ReMBH (PDB entry 4IUC) as initial search model. Molecular replace-
ment was achieved through the CCP4 program PHASER.”!° Subsequently, several refinement strategies
(real-space refinement, individual B-factors, occupancies) as well as simulated-annealing and search for
water molecules are calculated with the program PHENIX.!! The anomalous electron density was calcu-
lated with the program FFT of the CCP4 package. The crystal structure was finalized by the CCP4 pro-
gram REFMACS.'? Manual rebuilding of the krypton-derivatized ReMBH model and electron density

interpretation was performed after each refinement cycle using the program COOT.!* The final models,
4



native and anomalous, have agreement factors Rfice / Rwork of 15.1 % / 13.3 % and 16.9 % / 13.1 %,
respectively.!* Structure validation was performed with the programs of the RCSB PDB Validation
server'®, Molprobity!'® and WHAT IF server!’. All molecular graphics representations were created using

PyMOL',

Caver tunnel analysis. The Caver'® program was used as PyMOL plugin. The settings in the program
have been changed manually. The initial starting point (NHz of the guanidine-group of the arginine, e.g.
R530c for ReMBH), shell depth (2 A), shell radius (3 A), cluster threshold (3.5 A) and the desired radius
(5 A) maintained constant for all calculations. The minimum probe radius varied from 1.2 - 1.6 A and
calculations were performed in 0.1 A steps. The maximum distance was adjusted from 3 A to 4 A with an
increasing probe radius and up to 9 A in the amino acid substitutions of the proposed active site gate of
Df-hydrogenase. The maximum distance specifies the maximal distance of the tunnel calculation starting
point from the initial starting point (arginine). The bottleneck radius is the narrowest part of a given tunnel
and corresponds to the minimum probe radius. All tunnel results (quantity, bottleneck radius, length and

maximum distance) of the different crystal structures are listed in the Supplementary Tables S4 to S6.



Supplementary Table S1. Data collection and refinement statistics.

KR native
(PDB entry 5D51)

KR anomalous

Data collection

Beamline ESRF; ID23.1 (Grenoble, France)

Space group P21212 P21212

Unit cell 73.39, 95.57, 119.75; 73.55, 95.71, 120.21;
(a, b, c[A]; o, B, v [°]) 90.00, 90.00, 90.00 90.00, 90.00, 90.00,
Wavelength [A] 0.976 0.861

Rpim*° 0.030 (0.324) 0.019 (0.026)
Ruerge *° 0.073 (0.796) 0.039 (0.057)

/o (I)*! 12.2 (2.3) 32.4 (22.0)
Completeness [%] 99.2 (98.3) 99.7 (98.7)
Redundancy 6.8 (6.9) 6.6 (6.9)
SigAno 0.8
Refinement

Resolution [A] 47.79 - 147 (1.55—-1.47)*% | 47.85-2.52(2.65—2.52)*
Ruork [%0] 13.3 13.1

Rfiee [%0] 15.1 16.9

No. of krypton atoms 19 18
Ramachandran favoured 97.8 97.4

(%]

Ramachandran allowed 2.2 2.6

(%]

Ramachandran  outlier 0.0 0.0

(%]

*Number of crystals for native and anomalous data set: 1
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Supplementary Figure S1. Double conformation of the shifting iron ion, Fe4, in ReMBH. The posi-
tive Fo-Fc electron density map calculated without the proximal cluster and contoured at 3 o is shown as
green mesh. The Fe4 is coordinated by C19s and C20s and the backbone nitrogen of C20s. Final 2Fo-Fc
electron density map contoured at 1 ¢ (blue mesh) is illustrated for the proximal cluster. The cluster struc-
ture is represents no mixture of the previously reported Hz-reduced and oxidized state 2, because both Fe4
positions in the current structure are close to the position found in the oxidized state 2 crystal structure.



Supplementary Table S2. Krypton atoms. 19 Krypton atoms with single and double conformation and
various occupancies in the crystal structure of ReMBH after krypton derivatization (PDB entry 5D51)

Krypton sites Occupancy [%]
1 45/ 45
2 60
3 84
4 55
5 60
6 25
7 35
8 35
9 55725
10 45
11 45
12 45/25
13 35/20
14 30
15 30
16 40
17 45
18 25
19 15
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Supplementary Figure S2. Ribbon representation of the air-oxidized krypton-derivatized ReMBH
(PDB entry 5D51). 19 krypton atoms (yellow) shown as spheres and an anomalous electron density map
contoured at 3.5 ¢ (coloured in magenta). The [NiFe] active site and the three [FeS]-clusters are shown as
ball and stick. The channels and tunnels are depicted as grey surfaces (calculated with PyYMOL) and water
molecules as blue spheres.

Supplementary Table S3. Theoretical radii of atoms and molecules.

Atom Covalent radius Molecular cova- van der Waals ra-
[pm]*# lent radius [pm]** | dius [pm]?

Oxygen 66 57double bond 152

Hydrogen 31 32 single bond 120

Krypton 116 202

Xenon 140 216




Supplementary Table S4. Gas tunnel comparison of O-tolerant [NiFe|-hydrogenases.

Hydrogenase | PDB entry Total num- | Number of | Bottleneck | Length [A] | Maximum
ber of gas | gas tunnels | radius [A] distance
tunnels referred to [A]
bottleneck
radius
3RGW! 2 1 1.3 52.7 3
Hz-reduced 1 1.5 30.9 4
I;’H?Ij from My 2 1 13 511 3
tr‘;;h‘;”’“ “ | air-oxidized 1 1.5 28.9 4
5D (this study) 2 1 1.3 50.4 3
air-oxidized 1 1.5 29.9 4
3AYX? 3 1 1.2 68.7 3
MBH from Hz-reduced 1 1.3 54.4 3
Hy- 1 1.4 35.5 3
drogenovib- | 3AYZ?’ 4 1 1.2 66.2 3
o marinus | air-oxidized 2 1.3 57.0/37.7 3
1 1.4 35.7 3
3UQY* 1 1 1.2 32.1 3
Hz-reduced
EcHyd-1 3USE® 2 2 12 3227309 3
from _ o
Escherichia air-oxidized
coli 4UE3"ot published 2 2 1.2 34.4/343 3
R509LK  mu-
tant
Hyd-5 from | 4C30% 2 1 1.2 75.6 3
Salmonella reduced state 1 1.5 32.2 4
enterica
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Supplementary Table S5. Gas tunnel comparison of O:-sensitive [NiFe]-hydrogenases.

Hydrogenase | PDB entry Total gas Number of | Bottleneck | Length [A] | Maximum
number of | gas tunnels | radius [A] distance
tunnels referred to [A]
bottleneck
radius
3MYR?™ 5 2 1.2 76.4/59.1 3
MBH from Al- |\ idized state 1 13 32,6 3
lochromatium
vinosum 1 1.4 49.5 3
1 1.5 27.4 4
MBH from De- 2FRV?! 5 2 1.3 68.3/35.1 3
sulfovibrio gi- oxidized state 2 14 66.9/52.0 3
gas 1 1.6 36.5 4
MBH from De- | 1E3D?? 2 1 1.2 68.5 3
sulfovibrio des- | oxidized state 1 1.3 31.7 3
ulfuricans
1WUK? 5 1 1.2 37.9 3
oxidized state 3 1.3 51.4/33.6/ 3
MBH from 1 1.4 31.5
Desulfovibrio 59.9
vulgaris IWULS 5 1 12 37.1 3
str. 'Miyazaki F' | roquced state 3 1.3 492/31.8/ 3
1 1.4 30.0 4
65.2
4URH* 6 1 1.2 74.0 3
MBH from De- | partially oxidized 3 13 62.2/61.8/ 3
sulfovibrio fruc- 1 1.4 336 3
tosovorans 1 15 41.1 4
472
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Supplementary Table S6. Gas tunnel comparison of O:-sensitive Desulfovibrio fructosovorans active
site gate substitutions.

Amino acid PDB entry Total number | Number of gas | Bottleneck ra- | Maximum dis-
substitutions of gas tunnels | tunnels re- dius [A] tance [A]
ferred to bot-
tleneck radius
) ) 4UQL* 5 1 1.2 3
Ni-A Ni-SOX ) 13 3
L122LA '
2 1.4 3
L1921 A af 4UQP* 5 1 1.2 3
LA after
air exposure ! 1.3 3
3 1.4 3
V74.M 3H3X? 6 6 1.2 3
VT 3CUR?¢ 5 2 1.2 9
LIVl,
L122tM 2 1.3 0
1 1.4 9
V74, L122.F | 3CUS* 7 2 1.2 9
4 1.3 9
1 1.4 9

12




Supplementary Figure S3. Distances of active site gate amino acids and distances between initial
and calculation starting point (Caver) of O:-tolerant ReMBH and O:-sensitive Df-hydrogenase. (a)
ReMBH (PDB entry 3RGW). (b) native Df-hydrogenase (PDB entry 4URH). (¢c) M74./M1221 mutant Df
hydrogenase (PDB entry 3CUR). (d) 174L/F122L mutant Df-hydrogenase (PDB entry 3CUS). Active site
gate amino acids, [NiFe] active site and arginine (Caver: initial starting point) are illustrated as sticks.
Calculation starting point is depicted as first sphere of a tunnel chain. Surfaces were calculated with
PyMOL and are shown in grey.
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Supplementary Figure S4. Superposition of active site gate amino acids V77, and L125, of ReMBH
(PDB entry 3RGW in blue) and V74, and L122;, of Df-hydrogenase (PDB entry 4URH in green)
with distances. Cartoon representation of Oz-tolerant ReMBH. Active site gate amino acids and [NiFe]
active site are illustrated as sticks. Surfaces were calculated with PYMOL and are shown in grey.

b

[3Fe4S]

'[3Fe4s]

cluster
cluster

ReMBH Dg hydrogenase

[4Fe4S]
[1Fe:8] cluster
cluster

2V T 5

Supplementary Figure SS5. Surface representation of (a) O:-tolerant ReMBH (PDB entry 3RGW,
coloured in green) and (b) O:-sensitive Dg-hydrogenase (PDB entry 2FRY, coloured in grey). The
medial [3Fe4S] and distal [4Fe4S] clusters are depicted in ball and stick representation. Water molecules
are shown as spheres. W235s from Oz-tolerant ReMBH shows a blocking of the hydrophilic medial cluster
tunnel compared to O2-sensitive Dg-hydrogenase.
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220:8 240:8 260:S
\ . | . \ . \ . |

R. eutropha 3RGW* CLYKMGCKGPTTYNACSTTRWNEGTSFPIQSGHGCIGCSEDGEFWDKGSFYDR
E. coli 3UQY’ CLYKMGCKGPTTYNACSSTRWNDGVSFPIQSGHGCLGCAENGEFWDRGSFYSR
H. marinus 3AYX® CLYKVGCKGPTTYNACSTVRWNGGTSFPIQSGHGCIGCSEDGEFWDKGSFEFYSR
S. enterica 4C30° CLYKMGCKGRTTYNACSTVRWNDGVSERIQSGHGCLGCSEDGFWDYGSFYSR
D. gigas 2FRV*? CLYELGCKGPDTYNNCPKQLENQ-VNWPVQAGHPCIACSEPNFWDLYSPFYS
D. desulfuricans 1E3D" CLYDVGCKGPETYNNCPKVLENE-TNWPVAAGHPCIGCSEPNEFWDDMTPEFYQ
D. vulgaris 1WUK*? CLYELGCKGPVTMNNCPKIKENQ-TNWPVDAGHPCIGCSEPDEFWDAMTPEFYQ
D. fructosovorans 4URHY CLYELGCKGPVTYNNCPKVLENQ-VNWPVQAGHPCLGCSEPDFWDTMTPFYE
A. vinosum 3MYR’ CLYRLGCKGPTTYNACATMKWNDGTSWPVEAGHPCLGCSEPQFWDAGGFYEP

Supplementary Figure S6. Small subunit (215-266 aa) sequence alignment. Alignment section of all
analyzed Oz-tolerant (blue) and Oz-sensitive (red) [NiFe]-hydrogenases, which contain either a tryptophan
(yellow) or a phenylalanine (blue) at the position of the medial cluster tunnel, respectively (except of O2-
sensitve Av-hydrogenase). The blocking of the medial cluster tunnel is exemplarily shown for ReMBH
and Dg-hydrogenase in Supplementary Figure 5.

Supplementary Table S7. E. coli amino acids (yellow highlighted) blocking gas tunnel B. Three dif-
ferent amino acids involved in gas tunnel B formation (ReMBH nomenclature) in the large subunit of O2-
tolerant and Oz-sensitive [NiFe]-hydrogenases.

O:x-tolerant O:z-sensitive

R. eu- E. coli H. mari- | S. enter- | A. vi- D. gigas | D. desul- | D. vulga- | D. fruc-
tropha 3UQY?* | nus ica nosum 2FRV3! | furicans | ris toso-
3RGW! 34YX%7 4C30%° | 3MYR*’ 1E3D? | IWUK? | vorans

4URH

L128 M129 L129 L129 L1114 L118 L124 L134 L125

V131 1132 V132 V132 V1117 V121 V127 V137 V128

V203 F203 V204 V203 V1188 T193 T199 T209 T202

15



Supplementary Figure S7. Large subunit sequence alignment. Alignment from Oz-tolerant (blue) and
Oq2-sensitive (red) hydrogenases with amino acids of the ReMBH hydrophobic gas tunnel (yellow).

R. eutropha 3RGW_L4 ——————————— MSAYATQG-FNLDDRGRRIVVDPVTRIEGHMRCEVNVDA 38
E. coli 3UQY7L7 ——————————— MSTQYETQGYTINNAGRRLVVDPITRIEGHMRCEVNIND 39
H. marinus 3AYX_A6 ——————————— MSVLNTPNHYKMDNSGRRVVIDPVTRIEGHMRCEVNVDE 39
S. enterica 4C30_As ========---MAYPYQTQGFTLDNSGRRIVVDPVIRIEGHMRCEVNIDS 39
D. gigas 2FRV?L1O ——————————— MSEMQGNK-——=———-——— IVVDPITRIEGHLRIEVEVEG 29
D. desulfuricans 1E3D B!l = -————————- SQVTKTPRSN-————— YTGPIVVDPLTRIEGHLRIEVEVEG 35
D. vulgaris lWUK_Lu ————————————————— SS—————- YSGPIVVDPVTRIEGHLRIEVEVEN 27
D. fructosovorans 4URH7Q13 ASWSHPQFEKGASGAAESKPTPQSTFTGPIVVDPITRIEGHLRIMVEVEN 50
A. vinosum 3MYR7B9 ————————————————————————— MSERIVVDPITRIEGHLRIEAQMDG 25
* * k. ****** * .
L
.vk active site gate
R. eutropha 3RGW_L4 NNVIRNAVSTGTMWRGLEVILKGRDPRDAWAFVERICGVCTGCHALASVR 88
E. coli 3UQY_L7 QNVITNAVSCGTMFRGLEIILQGRDPRDAWAFVERICGVCTGVHALASVY 89
H. marinus 3AYX7A6 NNVIQNAVSTGTMWRGLEVILRGRDPRDAWAFVERICGVCTGCHALASVR 89
S. enterica 4C30_AS NNVITNAVSTGIMWRGLEVILKGRDPRDAWAFVERICGVCTGTHALTSIR 89
D. gigas ZFR\I?Llo ~GKIKNAWSMSTLFRGLEMILKGRDPRDAQHFTQRACGVCTYVHALASVR 78
D. desulfuricans 1E3D7B11 ~GVIKEARSCATLFRGIETILKGRDPRDAQHFTQRTCGVCTYTHALASTR 84
D. vulgaris 1WUK7L” —GKVKNAYSSSTLFRGLEIILKGRDPRDAQHFTQRTCGVCTYTHALASTR 76
D. fructosovorans 4URH7Q13 ~GKVKDAWSSSQLFRGLEIILKGRDPRDAQHFTQRACGVCTYVHALASSR 99
A. vinosum 3MYR7B9 -ATTIAQAYSSGTMVRGIETILKGRDPRDAWAFVQRICGVCTLVHGIASVR 74
:* * . 3 **:* **:******* *.:* * Kk Kk k Kk *.::*
o & s
active site gate ) ¥ e\ gas tunnel B gate

R. eutropha 3RGW_L4 AVENALDIRIPKNAHLIREIMAKTLQVHDHAVHFYHLHALDWVDVMSALK 138
E. coli 3UQY_L7 AIEDAIGIKVPDNANIIRNIMLATLWCHDHLVHFYQLAGMDWIDVLDALK 139
H. marinus 3AYX7A6 AVEDALDIKIPHNATLIREIMAKTLQIHDHIVHFYHLHALDWVNPVNALK 139
S. enterica 4C30_As AVENALGIAIPDNANCIRNMMOATLHVEDHLVHFYHLHALDWVDVVAALK 139
D. gigas ZFR\I?Llo AVDNCVGVKIPENATLMRNLTMGAQYMHDHLVHFYHLHALDWVNVANALN 128
D. desulfuricans 1E3D7B11 CLEDAINKPIPANATYIRNLVLGNQFMHDHLVHEFYHLHALDFVDVTSALL 134
D. vulgaris lWUK_Lu CVDNAVGVHIPKNATYIRNLVLGAQYLHDHIVHFYHLHALDFVDVTAALK 126
D. fructosovorans 4URH7Q13 CVDDAVKVSIPANARMMRNLVMASQYLHDHLVHEFYHLHALDWVDVTAALK 149
A. vinosum 3MYR7B9 AVEDALRIELPLNAQLIRNLMIGAQYIHDHVMHFYHLHALDWVDVVSALS 124

.... * * % :*:: * K K *** * .:*::: * *
R. eutropha 3RGW_L4 ADPKRTSELQQLVSPAHPLSSAGYFRDIQNRLKREFVESGQLGPFMNGYWG 188
E. coli 3UQY_L7 ADPRKTSELAQSLS-SWPKSSPGYFFDVONRLKKEFVEGGQLGIFRNGYWG 188
H. marinus 3AYX7A6 ADPQATSELQKLVSPHHPMSSPGYFKDIQIRIQKFVDSGQLGIFKNGYWS 189
S. enterica 4C30_A® ADPHQTSAIAQSLS-AWPLSSPGYFRDLONRLKREIESGOLGPFRNGYWG 188
D. gigas 2FRV_L1O ADPAKAARLANDLSPKK--TTTESLKAVQAKVKALVESGQLGIFTNAYFL 176
D. desulfuricans 1E3D7Bn ADPAKAAKLANSISPRK--ATTEEFAAVQAKLKTEVASGQLGPFTNAYFL 182
D. vulgaris 1WUK7L” ADPAKAAKVASSISPRK--TTAADLKAVQDKLKTFVETGQLGPFTNAYFL 174
D. fructosovorans 4URH_Q?3 ADPNKAAKLAASIAPARPGNSAKALKAVQDKLKAFVESGQLGIFTNAYFL 199
A. vinosum 3MYR7B9 ADPRATSELAQSIS AWPKSSPGYFADTQKRIKTFVESGQLGIFANGYWG 173

FAK o HH HN : *orrrorr KEAR Kok %k

S
gas tunnel B gate

R. eutropha 3RGW7L4 ——-SKAYVLPPEANLMAVTHYLEALDLQKEWVKIHTIFGGKNPHPNY-LVG 235
E. coli 3UQY_L7 --HPQYKLPPEANLMGFAHYLEALDFQREIVKIHAVFGGKNPHPNW-IVG 235
H. marinus 3AYX_A6 —-—-NPAYKLSPEADLMAVTHYLEALDFQKEIVKIHAIFGGKNPHPNY-MVG 236
S. enterica 4C30_As ~-HPAMKLPPEANLLAVAHYLEALDFQKEIVKIHTVFGGKNPHPNW-LVG 235
D. gigas 2FRV7L” GGHPAYVLPAEVDLIATAHYLEALRVQVKAARAMAIFGAKNPHTQFTVVG 226
D. desulfuricans 1E3D7Bn GGHEGYYMDPEANLVCTAHYLQALRAQVEVAKGMAVEGAKNPHTQFTVAG 232
D. vulgaris IWUKiL12 GGHPAYYLDPETNLIATAHYLEALRLQVKAARAMAVEGAKNPHTQFTVVG 224
D. fructosovorans 4URH Q'3 GGHKAYYLPPEVDLIATAHYLEALHMQVKAASAMAILGGKNPHTQFTVVG 249
A. vinosum 3MYR7B9 —-—-HPAYRLPPEANLMAVAHYLEALAWQRDTAKFHAIFGGKNPHPNEF-VVG 220

K’ ek e e kKK o kK * e e ek khkkk .o . K
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HOPEbhEN

HOPEbhEND POOELnEED HOPEEhERw OSSN EED

PODELnEED

eutropha 3RGW L*

coli 3UQY L7

marinus 3AYX AS
enterica 4C30 A®

gigas 2FRV_L10

desul furicans 1E3D B!l
vulgaris 1WUK L12
fructosovorans 4URH Q13
vinosum 3MYR B?

eutropha 3RGW_L*

coli 3UQY L7

marinus 3AYX A®
enterica 4C30 A®

gigas 2FRV_L10

desul furicans 1E3D B!l
vulgaris 1WUK L!2
fructosovorans 4URH Q13
vinosum 3MYR B?

eutropha 3RGW L*

coli 3UQY_L7

marinus 3AYX AS
enterica 4C30 A®

gigas 2FRV_L10
desulfuricans 1E3D B!t
vulgaris 1WUK L4
fructosovorans 4URH Q13
vinosum 3MYR B?

eutropha 3RGW_L*

coli 3UQY L7

marinus 3AYX AS
enterica 4C30_A®

gigas 2FRV_L10
desulfuricans 1E3D B!
vulgaris 1WUK L12
fructosovorans 4URH Q13
vinosum 3MYR B?

eutropha 3RGW_L*

coli 3UQY L7

marinus 3AYX AS
enterica 4C30 A®

gigas 2FRV_L10
desulfuricans 1E3D B!t
vulgaris 1WUK L12
fructosovorans 4URH Q13
vinosum 3MYR B?

eutropha 3RGW_L*

coli 3UQY_ L7

marinus 3AYX AS
enterica 4C30 A®

gigas 2FRV_L10
desulfuricans 1E3D B!
vulgaris 1WUK L12
fructosovorans 4URH Q13
vinosum 3MYR B?

GVPCAINLDGIGAASAPVNMERLSEFVKARIDEIIEFNKNVYVPDVLAIGT
GMPCAINIDESGAVGA-VNMERLNLVQSIITRTADFINNVMIPDALAIGQ
GVPCAINIDGDMAAGAPINMERLNEVKSLIEQGRTEFNTNVYVPDVIAIAA
GVPCAINLDETGAVGA-VNMERLNLVSSIIQKARQFCEQVYLPDVLLIAS

GCTNYDSLRP—--——=--——- ERIAEFRKLYKEVREFIEQVYITDLLAVAG
GVTCYEALTP---——=--——- ERIKQFRELYVKARAFIEEVYIPDLLLVAS
GVTCYDALTP-=--—=-——~ QRIAEFEALWKETKAFVDEVYIPDLLVVAA
GCSNYQGLTK---——--—-- NPLANYLALSKEVCQFVNECYIPDLLAVAG
GVPSPIDLDSDSALNA----KRLAEVRNLIQSMRTFVDQVYVPDTLATIAG
* . . . * . . * . .

LYKQAGWLYGGGLAATNVLDYGEYPNVA----YNKSTDQLPGGATLNGNW
FNKP-WSEIGTGLSDKCVLSYGAFPDIAN--DFGEKSLLMPGGAVINGDF
FYR--DWLYGGGLSATNVMDYGAY PKTP----YDKSTDQLPGGAT INGDW
YYKD-WAKIGGGLSSMNLLAYGEEFPDNEPN--DYSASNLLLPRGAI INGRE
FYKN-WAGIG---KTSNFLTCGEFPTD----EYDLNSRYTPQGVIWGNDL
YYKD-WGKIG---GTNNFMAFGEFPAP--GGERDLNSRWYKPGVIYDRKV
AYKD-WTQYG---GTDNFITFGEFPK----DEYDLNSRFFKPGVVFKRDF

FYKD-WGGIG---GTSNYLAFGEFATDDSSPEKHLATSQFPSGVITGRDL
FYKD-WGERGEGLG--NFLCYGDLPTGAS---LDPATFLFPRGAILDRDL

* . * *x .

DEVEFPVDPRDSQQVQEFVSHSWYKYAD--ESVGLHPWDGVTEPNYVLGAN
NNVLPVDLVDPQQVQEFVDHAWYRYPN--DQVGRHPFDGITDPWYNPGD-
GKIHPVDPRDPEQVQEFVTHSWYKYPD--ETKGLHPWDGITEPNYELGSK
DEIHPVDLTAPDEIQEFVTHSWYTYGNGNNDKGLHPWDGLTEPQLVMGEH

SKVDDFN---PDLIEEHVKYSWYEGAG-—-—-—-- AHHPYKGVTKP-----—--
GSVQPFD---PSKIEEHVRHSWYEG-—-——-—-— KARAPFEGETNP-——-—-——-
KNIKPEFD---KMQIEEHVRHSWYEGA-—-—--— EARHPWKGQTQP--————--
GKVDNVD---LGAIYEDVKYSWYAPGG----DGKHPYDGVTDP-——-----
STIHEVDLEATGEIQEFVNHSWYEYSVG-NDRGLHPYEGQTNLEYDRRG-

* ke ek Kk K’ e kK%

TKGTRTRIEQIDESAKYSWIKSPRWRGHAMEVGPLSRYILAYAHARSGNK
VKGSDTNIQQLNEQERYSWIKAPRWRGNAMEVGPLARTLIAYHKG-—-——-—
TKGSRTNIIEIDESAKYSWIKSPRWRGHAVEVGPLARYILAYAQG-—-—-——

--GVAPPYKQLDVSDGYSWLKAPRWKGRSVEVGPLARVLMLYATG-—-——-

kxk kekke ok k Kkk. [

YAERPKEQLEYSAQMINSAIPKALGLPETQYT-LKQLLPSTIGRTLARAL

————— DAATVESVDRMMSALNLPLSG-----------IQSTLGRILCRAH
-VEYVKTQVHTSLNRFN-AVCRLLDPNHKDITDLKAFLGSTIGRTLARAL
~----KPEFKEPVDOLLSVLKLPKEA~-~-—~--—--—--LFSTLGRTAARAL
————— HEPTVKAVDLVLKTLGVGPEA--——-----—-LFSTLGRTAARGI
————— HKTIKPTIDAVLGKLNLGPEA---—-----—-LFSTLGRTAARGI
————— HPKVKAVTDAVLAKLGVGPEA--——-----—-LFSTLGRTAARGI
————— QPDFKKVVDMVLGKLSVPATA--——-----—-LHSTLGRTAARGI
————— HDQARELVDSTLSRLDLPVDA--——-----—-LYSTLGRTAARAL

* Kk o kK *

ESQYCGEMMHSDWHDLVANIRAGDTATANVDKWDPATWPLOAKGVGTVAA
EAQWAAGKLQYFFDKLMTNLKNGNLATASTEKWEPATWPTECRGVGETEA
ESEYCGDMMLDDENQLISNIKNGDSSTANTDKWDPSSWPEHAKGVGTVAA
ESVWAGNTLQYFFDRLMRNLKSGDTATANVTLWEPDTWPTSAKGVGESEA

QCLTAAQEVEVWLDKLEANVKAG----- KDDLYTDWQYPTESQGVGEVNA
QTLVIAQOMENWLNEYENNIVK---——-— DKQIVEDYAVPTSARGVGEFADV
ETAVIAEYVGVMLQEYKDNIAKG--—--- DNVICAPWEMPKQAEGVGEVNA
ETAIVCANMEKWIKEMADSG-AK---—--— DNTLCAKWEMPEESKGVGLADA
ESKILVDAMQGWYDGLIANVKSGDTKTENETLWEPSSWPSRAQGVGIMEA
. . * * ok Kk
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Supplementary Figure S8. Small subunit sequence alignment. Alignment from Oz-tolerant (blue) and

HOOEEORENED

OSSR EED

eutropha 3RGW_L*

coli 3UQY L7

marinus 3AYX AS
enterica 4C30 A®

gigas 2FRV_L10
desulfuricans 1E3D B!l
vulgaris 1WUK L4
fructosovorans 4URH Q13
vinosum 3MYR B?

eutropha 3RGW_L*

coli 3UQY L7

marinus 3AYX A®
enterica 4C30 A8

gigas 2FRV_L10
desulfuricans 1E3D B!
vulgaris 1WUK L!2
fructosovorans 4URH Q13
vinosum 3MYR B?

initial starting point

g
X
v
PRGALGHWIRIKDGRIENYQCVVPTTWNGSPRDYKGQIGAFEASLMN-TP
PRGALGHWAAIRDGKIDLYQCVVPTTWNASPRDPKGQIGAYEAALMN-TK
PRGALAHWIVIEKGKIKNYQCVVPTTWNGSPRDPKGNIGAFEASLMG-TP
PRGALGHWIKIANQKIDSYQCVVPTTWNAGPRDDKGQIGAYEAALMG-TK

PRGMLSHWIVQRGGKIENFQLVVPSTWNLGPRCAEGKLSAVEQALIG-TP
SRGGLSHWMTIEDGKIDNFQLVVPTTWNLGPRDDKGVPSAAEAALVG-TP
PRGGLSHWIRIEDGKIGNEFQLVVPSTWTLGPRCDKNKLSPVEASLIG-TP
PRGALSHWIRIKGKKIDNFQLVVPSTWNLGPRGAQGDKSPVEEALIG-TP
PRGALGHWIVIEDGRIANYQAVVPSTWNAGPRDGRGQAGAYEAALQDNHQ

**k Kk k% .k ek Kk Kk e kK * x * .k

MVNPEQPVEILRTLHSFDPCLACSTH 603
MAIPEQPLEILRTLHSFDPCLACSTH 582
MERPDEPVEVLRTLHSFDPCLACSTH 596
LAVPDQPLEILRTLHSFDPCIACSTH 585
IADPKRPVEILRTVHSYDPCIACGVH 536
VADPKRPVEILRTIHSFDPCIACSTH 542
VADAKRPVEILRTVHSFDPCIACGVH 534
IADPKRPVEILRTVHAFDPCIACGVH 563
LVDVKQPIEILRTIHSFDPCIACAVH 561

K ekeoekkhkkokookhkhkokk *

O:2-sensitive (red) hydrogenases with amino acids of the ReMBH hydrophobic gas tunnel (yellow).

OO EnEED HODEENEED

HOPEEhERw

eutropha 3RGW_S*

coli 3UQY S7

marinus 3AYX B®
enterica 4C30 B®

gigas 2FRV_S10
desulfuricans 1E3D All
vulgaris 1WUK S14
fructosovorans 4URH_A3
vinosum 3MYR A°

eutropha 3RGW_S*

coli 3UQY S7

marinus 3AYX B®
enterica 4C30_B®

gigas 2FRV_S10

desul furicans 1E3D All
vulgaris 1WUK S12
fructosovorans 4URH A3
vinosum 3MYR A°

eutropha 3RGW_S*

coli 3UQY_S’

marinus 3AYX B®
enterica 4C30 B®

gigas 2FRV_S10
desulfuricans 1E3D All
vulgaris 1WUK S!4
fructosovorans 4URH Al3
vinosum 3MYR A°

—————— METKPRTPVLWLHGLECTCCSESFIRSAHPLAKDVVLSMISLDY
—————— LENKPRIPVVWIHGLECTCCTESFIRSAHPLAKDVILSLISLDY
NKIAHAMETKPRTPVIWLHGLECTCCSESFIRSAHPLAKDVVLSMISLDY

————— ALTGSR-PSVVYLHAAECTGCSEALLRTYQPFIDTLILDTISLDY
—————— LMGPRRPSVVYLHNAECTGCSESVLRAFEPYIDTLILDTLSLDY
————— ALTAKHRPSVVWLHNAECTGCTEAAIRTIKPYIDALILDTISLDY
————————— ARRPSVIWLSFQECTGCTESLTRAHAPTLEDLILDFISLDY

Koo e oe K hkk ke ke * . * .k ok o kK

DDTLMAAAGHQAEAILEEIMTKYKGNYILAVEGNPPLNQDGM-SCIIGGR
DDTLMAAAGTQAEEVFEDIITQYNGKYILAVEGNPPLGEQGM-FCISSGR
DDTLMAASGHAAEAILDEIKEKYKGNYILAVEGNPPLNQDGM-SCIIGGR
DDTIMAAAGQQAEQALADVMREYKGNYIVAVEGNAPLNEDGM-FCILAGE

HETLMAGAGHAVEEALHEAIKG---DEVCVIEGGIPMGDGGY-WGKVGGR
HETIMAAAGEAAEEALQAAVNGPD-GFICLVEGAIPTGMDNK-YGYIAGH
HETIMAAAGDAAEAALEQAVNSPH-GFIAVVEGGIPTAANGI-YGKVANH
QETIMAAAGEAAEAALHQALEGKD-GYYLVVEGGLPTIDGGQ-WGMVAGH
HHTLOAASGEAAEAARLQAMDENRGQYLVIVDGSIPGPDANPGESTVAGH

* e Kk ex * . ok *

PFIEQLKYVAKDAKAIISWGSCASWGCVQAAKPNPTQATPVHKVIT---D
PFIEKLKRAAAGASAIIAWGTCASWGCVQAARPNPTQATPIDKVIT---D
PFSEQLKRMADDAKAIISWGSCASWGCVQAAKPNPTQATPVHKELGGGYD
PFLEKLKRVSADAKAITAWGSCASWGCVQAARPNPTKATPVHKLIT---D

NMYDICAEVAPKAKAVIAIGTCATYGGVQAAKPNPTGTVGVNEALGKL-G
TMYDICKNILPKAKAVVSIGTCACYGGIQAAKPNPTAAKGINDCYADL-G
TMLDICSRILPKAQAVIAYGTCATFGGVQAAKPNPTGAKGVNDALKHL-G
PMIETTKKAAAKAKGIICIGTCSAYGGVQKAKPNPSQAKGVSEALG-—-—--
SNYSILMETVEHAAAVIAVGTCAAFGGLPQARPNPTGAMSVMDLVRD-—-—

* .. * ek . .k Kk e kK k Kk o . .
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HOPEbhEN

OSSN EED

HOPEEhERw

MOV PhEED

eutropha 3RGW_S*

coli 3UQY 87

marinus 3AYX B®
enterica 4C30 B®

gigas 2FRV_S10

desul furicans 1E3D All
vulgaris 1WUK S12
fructosovorans 4URH Al3
vinosum 3MYR A°

eutropha 3RGW_S*

coli 3UQY S7

marinus 3AYX B®
enterica 4C30 B®

gigas 2FRV_S10

desul furicans 1E3D All
vulgaris 1WUK S12
fructosovorans 4URH A3
vinosum 3MYR A?°

eutropha 3RGW_S*

coli 3UQY_S’

marinus 3AYX B®
enterica 4C30 B®

gigas 2FRV_S10
desulfuricans 1E3D All
vulgaris 1WUK_ S!4
fructosovorans 4URH Al3
vinosum 3MYR A°

eutropha 3RGW_S*

coli 3UQY S7

marinus 3AYX B®
enterica 4C30 B®

gigas 2FRV_S10
desulfuricans 1E3D All
vulgaris 1WUK S12
fructosovorans 4URH Al3
vinosum 3MYR A°

KPIIKVPGCPPIAEVMTGVITYMLTFDRIPELDRQGRPKMFYSQRIHDKC 190
KPIIKVPGCPPIPDVMSAIITYMVTFDRLPDVDRMGRPLMFYGQRIHDKC 190
KPIIKVPGCPPIAEVMTGVITYMLTFDRIPELDRQGRPKMFYSQRIHDKC 199
KPIIKVPGCPPIPEVMSAVITYMLAFDRIPPLDRLGRPKMFYGQRIHDKC 190
VKAINIAGCPPNPMNEFVGTVVHLLT-KGMPELDKQGRPVMFFGETVHDNC 188
VKAINVPGCPPNPLNMVGTLVAFLK-GQKIELDEVGRPVMFFGQSVHDLC 190
VKAINIAGCPPNPYNLVGTIVYYLKNKAAPELDSLNRPTMFEFGQTVHEQC 191
VKTINIPGCPPNPINFVGAVVHVLT-KGIPDLDENGRPKLFYGELVHDNC 188

KPVINVPGCPPIPMVITGVIAHYLVEFGRLP %EGFGRPLAFY QSIHDRC 188
ke o Kk kk . . . me l. cus‘;gl:tullne . ek e K

o

o
YRRPHFDAGQFVEEWDDESARKGEFCLYKMGCKGPTTYNACSTTRWNEGTS 240
YRRAHFDAGEFVQSWDDDAARKGYCLYKMGCKGPTTYNACSSTRWNDGVS 240
YRRPHFDAGQFVEEWDDEGARKGYCLYKVGCKGPTTYNACSTVRWNGGTS 249
YRRAHFDAGQFVEAWDDEGARKGYCLYKMGCKGPTTYNACSTVRINDGVS 240
PRLKHFEAGEFATSFGSPEAKKGYCLYELGCKGPDTYNNCPKQLENQ-VN 237
ERRKHFDAGEFAPSFNSEEARKGWCLYDVGCKGPETYNNCPKVLENE-TN 239
PRLPHFDAGEFAPSFESEEARKGWCLYELGCKGPVTMNNCPKIKENQ-TN 240
PRLPHFEASEFAPSFDSEEAKKGFCLYELGCKGPVTYNNCPKVLENQ-VN 237
YRRPFYDKGLFAESFDDEGAKQGWCLYRLGCKGPTTYNACATMKWNDGTS 238

* .. * . Keokoekkhkk ohkhkAkkk * KX KX . K

FPIQSGHGCIGCSEDGFWDKGS—-FYDRLTGISQFGVEANADKIGGTASVV 289
FPIQSGHGCLGCAENGFWDRGS-FYSRVVDIPQOMGTHSTADTVGLTALGV 289

FPTQSGHGCTGCSEDGFWDKGS-FYSRDTEMNAFG-———===-——==--~ 283
FPIOSGHGCLGCSEDGEWDYGS-FYSRATGS--—=-=-—=-------—--- 270
WPVQAGHPCTACSEPNFWDLYSPFYSA——====——====—————————— 264
WPVAAGHPCIGCSEPNFWDDMT PEYQN———====—=====—————————— 266
WPVDAGHPCTGCSEPDFWDAMT PEYQN———=—==——====————————— 267
WPVQAGHPCLGCSEPDFWDTMT PFYEQG=============—===————-~ 265
WPVEAGHPCLGCSEPQFWDAGG-FYEPVSVPL~——======———— ==~~~ 269
:*k: :*‘k *k:.*k:* * Kk x **.
VGAAVTAHAAASATKRASKKNETSGSEH-——-————---——~ 317
VAAAVGVHAVASAVDORRRANQQPTETEH----QPGNEDKQA 327
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Summary

[NiFe] hydrogenases catalyse the reversible splitting of Hz into protons and electrons. Haz travels
through a dedicated gas tunnel network to reach the deeply buried catalytic centre. The same
network is presumably accessible for other gases, such as inhibitory O2. Although most [NiFe]
hydrogenases are either reversibly or irreversibly inactivated by O, it is still unclear, whether
Oz actually reaches the catalytic centre. A small subgroup of [NiFe] hydrogenases, including
the membrane-bound hydrogenase of Ralstonia eutropha (MBH), are able to overcome this
attack by reducing Oz to water. The key feature of Oz tolerance relies on a special [4Fe3S]-
cluster that is capable to release two electrons upon Oz attack. Here, the route that is taken by
Oz within the MBH gas tunnel network is traced by a novel ‘soak-and-freeze’ method,
accompanied by protein X-ray crystallography and computational studies. This combined
approach led to the detection of several preferred residence sites of O2 molecules within the
MBH. The occupancy of these sites was related to the O2 concentration used for MBH crystal

derivatization.
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Introduction

In many enzymes the catalytic centres are deeply buried within the protein matrix. In
these cases, substrate access as well as the transport of intermediates and product release are
often facilitated by dedicated molecular tunnels.! A sheltered active site in combination with
molecular tunnels can have several advantages for the enzyme: (i) an increase of the catalytic
efficiency compared to free diffusion, (ii) protection of the active site from reactive and
inhibitory compounds, (7ii) protection of unstable intermediates, (7v) improved transport time
between active sites, (v) increased substrate selectivity and (vi) regio- and/or stereospecific
control." In multi-functional enzymes molecular tunnels connect the different sites of reaction
intermediate generation and utilisation. A very well-studied enzyme with multiple active sites
is the class I amidotransferase carbamoyl phosphate synthetase (CPS). The intermediates
ammonia and carbamate migrate through a permanent tunnel with a length of almost 100 A.
The CPS structure also revealed a difference in tunnel diameter adjusting to the dimensions of
the intermediate.® The intramolecular tunnel of glutamine phosphoribosylpyrophosphate
amidotransferase (GPATase) shows a different architectural feature. GPATase catalyses the
conversion of phosphoribosylpyrophosphate into phosphoribosylamine. Here, the intermediate
tunnel between the two active sites only exists temporarily upon binding of the correct ligand
to the active site and that induces consecutive conformational changes of the protein backbone.*
In other enzymes like glutamate synthase and glucosamine 6-phosphate synthase, the substrate
tunnel is obstructed and switches between an open and closed state through substrate-induced

conformational changes of amino acids, which act as a gate.>

In other enzymes the molecular tunnels connect the protein exterior with the active site
deeply buried within the protein matrix. Such tunnels can serve as permanent or gated substrate

pathways as found in DhaA haloalkane dehalogenase or cholesterol oxidase, respectively.”8 In
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lipoxygenases two permanent hydrophobic tunnels that might be used individually by the two

substrates, lipid and dioxygen merge at the active site.”!°

A recent study on the gas tunnel network Oaz-tolerant [NiFe] hydrogenases and their Oz-
sensitive counterparts revealed major structural differences in dimension and complexity.'! In
the Oz-tolerant membrane-bound [NiFe] hydrogenase (MBH) of Ralstonia eutropha the protein
exterior and the [NiFe] active site are connected via two hydrophobic gas tunnels (Figure 1,
black dashed arrow).!""'> MBH is composed of three subunits, the large subunit harbours the
deeply buried active site where the reversible catalytic reaction H2 &= 2¢e”+ 2H" takes place. The
small subunit contains an electron relay consisting of three [FeS]-clusters (Figure 1, light blue,
dashed arrow) that transfer the electrons derived from H2 oxidation at the active site to the third
subunit, a membrane-integral cytochrome bss2. The cytochrome itself is connected to the
quinone pool of the respiratory chain.!*!* The majority of [NiFe] hydrogenases becomes
inactivated by O2. The MBH is one of few examples that can overcome the O: attack by
redirecting electrons from the [FeS]-clusters back to the [NiFe] active site where they are used
to reduce Oz completely to harmless water (Figure 1, black and light blue dashed arrow).!?!415
The water molecules are released by a nearby water channel (Figure 1, yellow dashed arrow).!?
Experimental determination of O2 migration pathways in proteins by X-ray crystallography has
always been challenging due to the weak interaction of Oz with the amino acids, the high
mobility of the gas and the low electron count. Thus, Oz pathways were mainly identified by
either computational studies or by using noble gas molecules like krypton to mimic O2.!!!617
Here, we present the crystal structure of MBH prepared by the novel "soak-and-freeze" method
that reveals defined Oz sites in two hydrophobic tunnels and a cavity. These observations are in

good agreement with molecular dynamics (MD) simulations suggesting Oz “hopping” process

through these tunnels.
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Results and Discussion

In our protein crystallography experiments we applied the novel ‘soak-and-freeze’
method recently established at the ESRF in order to investigate whether O2reaches the [NiFe]
active site through the hydrophobic tunnels previously defined by krypton-derivatised MBH
crystals."* MBH crystals were grown and subsequently exposed to molecular oxygen in a gas
pressure cell at 56 bar and 70 bar, which is equivalent to a dissolved Oz2concentration of 72.8
mM and 91 mM, respectively. After incubation for time periods from 15-70 minutes, the
derivatised crystals were flash frozen in liquefied Oz2at 77 K (Table 1). Subsequently, the gas
pressure cell was depressurised and the crystals were transferred to liquid nitrogen for analysis
atthesynchrotronbeamline. Forall Oz-derivatised crystalsanon-derivatisedreference dataset
was collected using MBH crystals from the same crystallisation batch (Table 2). The Oz

02 - Foreference glectron density map

positions were determined by examining the Fo
calculated using structure factors of the O2-derivatised and reference data sets, respectively.
With the ‘soak-and-freeze’ technique we identified four O2binding sites (Oxy1-4) in the best
data set, three of which were located within the gas tunnel system of MBH. One O2molecule
(Oxy2)resided inahydrophobic pocket surrounded by amino acids M30., V461, S47., F569L,
E570c, L5731 and L5911 (subscript indicates subunit: L = large subunit, S = small subunit)
(Figure 1 and 2, Table 3). Owing to the 2D representation of Figures 1 and 2, Oxy?2 appears to
be close to the [NiFe] active site, but the actual distance is 16.3 A. Apart from the four O
residence sites illustrated in Fig. 2, three further O2 molecules were identified in the tunnel on
the basis of the Fo%2 - Fo¥rene electron density map. As the occupancies of the additional
O2molecules were less than 40 %, they were not modelled in the structure. Superposition of
the O2-derivatised with the krypton-derivatised MBH structures illustrates, however, that all

sevenO2moleculessharetheirlocation withthose ofthe kryptonatoms (Supplementary Figure

1). The maximum occupancy with 100 % was observed for Oxy1 (at the same position as
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krypton 1 with an occupancy of 100 %) at 70 bar after 15 minutes of soaking in pressurized Oz
before freezing. Using Oxy1 as benchmark, we can clearly deduce a correlation of Oz occupancy
with pressure and incubation time (Table 1). In order to inspect the positions of the O2 molecules
in respect of the gas tunnel network, the latter was calculated with the program Caver 3.0"
using the highly conserved residue R530L as initial starting point. The program predicts two
subunit-crossing tunnels, which merge before reaching the [NiFe] active site. Tunnel A with a
minimal diameter (dmin) of ~ 1.4 A and a length of ~ 33 A is categorised as primary gas tunnel,
whereas tunnel B (dmin ~ 1.3 A, length ~ 52 A) serves as putative secondary pathway.
Approximately 56 % of the amino acids forming the tunnel surface are of hydrophobic character
(Supplementary Figure 2). The hydrophobic tunnel entrances presumably facilitate the access
of the gaseous substrates. The highest occupied Oz molecule (Oxyl) is located in branch 1,
which does not have a direct connection the protein exterior and might serve as substrate storage
cavity. A similar storage cavity has been proposed by Montet and coworkers for the O2-sensitive
hydrogenase from Desulfovibrio gigas assuming that some of the hydrophobic cavities serve as
gas reservoirs.?’ They suggested that the concentration of the gaseous substrate in the enzyme
effects the gas metabolism. Comparable conclusions have been drawn from the MD simulation
results from [NiFeSe] hydrogenase.?! Baltazar and colleagues deduce from cavities with trapped
H2 molecules that they either hinder Hz transport to the active site or promote access by storing
gas molecules. Considering that the H2 concentrations usually needed for catalytic activity in
hydrogenases are above ambient level, the MBH gas reservoir might play an important role in
enzyme metabolism.?? To further verify a gas reservoir feature, MD simulations of simultaneous
H2 and Oz transport in the corresponding ratio through the tunnel network as well as tunnel
mutation studies might shed further light on this topic. Oxy3 is located within tunnel B near the
bottleneck (smallest tunnel diameter) consisting of the amino acids A127t, V131 and A202t.

Oxy4 in tunnel A is the O2 molecule closest to the active site
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(Figure 2), near the bottleneck of tunnel A. It is composed of amino acids including E27y,

R530L, P5961 and C597L with a distance < 3 A from the bottleneck.

The observations based on the crystallographic structure were compared with MD
simulations of MBH in aqueous solution described in further detail in the Method section. The
resulting 300 ns long trajectories showing the diffusion of O2 and H2 molecules suggested a
“hopping”-like movement of Oz and H2 molecules (movies 1-4 of Oz trajectories) through the
main tunnels (Figures 3, 4, Supplementary Figure 1, 3, 4). Notably, no permanent tunnel
opening was observed in the simulations while diffusion outside the tunnel system was detected,
which is in agreement with previous calculations performed on a structurally similar O2-
sensitive “standard” [NiFe] hydrogenase.'’ Diffusion of gas molecules through the previously

proposed water channel!?

was predicted to be unfavourable compared to the gas diffusion
through tunnels A and B. O2 diffusion (“hopping” process) through the gas tunnel network

(Figure 3) resulted in high densities at the Oxy1 and Oxy3 sites (molecule occupancies of > 75

%) (Supplementary Figure 1B), which is in excellent agreement with the results of the "soak-
and-freeze" experiment. Furthermore, O2 molecules were detected in the vicinity of all other
experimentally proposed binding sites as well as within a 3 A radius from the active site. Due
to the side chain flexibility at room temperature, the positions of the Oz binding sites change in
the course of the simulations, particularly in tunnel A. This impedes a direct comparison with
the experimentally determined values. The assignment of these sites, however, was
computationally predicted on the basis of residence times and site occupancies by O2 molecules
(Supplementary Figure 1). Analysis of transition probabilities between the preferred O2-binding
sites showed that, except for Oxy2, all Oz positions in the MBH were connected by the tunnel
network predicted by Caver 3.0 (Supplementary Figure 1). In addition, Oxy5 and Oxy®6, located
close to the proposed tunnel entries, showed the highest transition probabilities (28.6 and 23.2

%, respectively) to the “bulk region” (solvent and undefined regions within the protein) making
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these positions potential entry sites for Oz (Figure 3, Table 6). The probability for a transition
from the bulk region to branch 1 (Oxyl and Oxy7) was much lower compared to transitions
from the bulk to positions Oxy5 and Oxy6 at the potential entry points (Table 6). Deeply buried

sites, such as Oxy3 and the branch 1 region showed higher self-transition probabilities (Table

6) and occupancies (Supplementary Figure 1B) than regions close to the protein surface (Oxy5
and Oxy6) indicating longer residence times for Oz at these sites. The only discrepancy between
MD simulations and Caver 3.0 predictions was that in the MD simulations the observed O2
densities in tunnel A were lower than in tunnel B (Supplementary Figure 1B), while the Caver
predictions on the crystallographic structure identified tunnel A as main access pathway (Figure
1). This finding may result from the increased flexibility of the amino acid side chains

narrowing tunnel A in the simulations.

The spatial probability density of H2 in the gas tunnel network was similar to that
predicted for Oz (Supplementary Figure 4). However, distinct differences in the diffusion
properties of H2 and Oz were encountered. For the Hz diffusion, tunnel A was strongly favoured
over tunnel B as reflected by (a) the high transition probabilities between Oxy5 and Oxy4
(Supplementary Table 1), and (b) the increased occupancies of these sites (Supplementary
Figure 4). Concomitantly, the low occupancy of Oxy3 (45.7 vs 76.9 % for H2 and O,
respectively) reflects a reduced diffusion of H> through tunnel B. Because of the smaller size
and lower molecular weight of H2 compared to O2, higher H2 densities were found in close
vicinity (2.7 A distance) to the active site as well as outside the MBH tunnel system in the MBH
(Supplementary Figure 3). To investigate whether the pressure treatment, which comes along
with the ‘soak and freeze’ method, had an impact on the overall structure of MBH and its gas
tunnels, we compared the Oz-derivatised structure and a structure obtained after high-pressure
(2000 bar of helium) treatment of MBH crystals with the non-derivatised reference structure of
MBH at ambient pressure.?® The structures were aligned using the program PyMOL?*, and we
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obtained root mean square deviations (RMSD) of 0.043 A and 0.195 A when comparing the
Oq2-derivatised structure and the high-pressure structure with the reference MBH structure,
respectively (Supplementary Figure 5). The greater differences with the high-pressure structure
are also reflected by the B-factors (temperature factors). The B-factor comparison between the
three structures were visualised using PYMOL in a range between 10-50 A? (Figure 5).
Intriguingly, the structure of the O:-derivatised MBH revealed generally lower temperature
factors when compared to the reference data set. Thus, a pressure of 70 bar seems to stabilize
flexible parts at the enzyme surface, in particular regions close to the gas tunnel openings. A
further increase of the pressure to 2000 bar, however, led to a marked rise in the temperature
factors. The pressure-induced higher flexibility of amino acids even led to an unresolved
disordered loop structure close to the entrance of tunnel A and in an enlargement of the
surrounding area (Figure 5). Furthermore, branch 1 of the hydrophobic tunnel is capped by a
surface-located alpha helix, which does not show an increase in flexibility through
pressurisation. This supports the proposal of branch 1 being mainly a dead end and not a
transient gas tunnel with a lockable lid. Notably, the [NiFe] active site as well as the medial
[3Fe4S]-cluster and the distal [4Fe4S]-cluster of the electron relay maintained their spatial
structure upon pressurisation. In all three MBH structures the Ni and Fe atoms have a distance
of 2.9 A (Table 5), and they are bridged by a hydroxide ligand, which is entirely in line with
the oxidation state of the catalytic center.!>!3 They also showed the typical open conformation
of the proximal [4Fe3S]-cluster with a bond length of ~2.1 A between iron 4 and the backbone
nitrogen of cysteine 20 (Supplementary Figure 6), which is compatible with the as-isolated,
superoxidised state of the enzyme.'®> However, the [4Fe3S]-cluster of the O2-derivatised MBH
showed two further structural features when compared to the reference structure. First, the
carboxylate functional group of E76s is shifted towards Fe4 of the cluster (Supplementary

Figure 7) and second, Fel carries a hydroxyl ligand (Supplementary Figure 8).!>>> While the
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distance of E76s and Fe4 amounted to 3.4 A and 3.2 A in the reference and high-pressure
structure, respectively, it was reduced to 2.6 A in the Ox-derivatised MBH (Table 2, 5,
Supplementary Figure 7). The E76s-shift towards the proximal cluster was observed in all O2-
derivatised MBH structures (Tables 1 and 2). In the as-isolated structure of the membrane-
bound Oz-tolerant [NiFe]-hydrogenase 1 from Escherichia coli (EcHyd-1) the E76s was found
in a double conformation with distances of 4.9 A and 2.4 A of one glutamate-derived
carboxylate O¢ to Fe4.22 Volbeda and coworkers proposed that E76s functions as base for the
deprotonation of the carboxamido N of cysteine 20, which further enables the Fe4 to bind to the
backbone of cysteine 20 and thus stabilizes the high-potential form of the [4Fe3S]-cluster. A
similar cluster stabilization was proposed for the Fel-bound hydroxyl ligand in MBH.'* The
presence of this ligand with a Fe-O distance of 1.8 A between the hydroxyl oxygen and the Fel
was confirmed in the Oz-derivatised MBH structures. The hydroxyl ligand has an average
occupancy of ~ 34 % with no obvious relation to the Oz concentration (Table 1). In the reference
data sets, however, Fel-bound hydroxyl ligand was not visible. In the previously published
crystal structures of as-isolated, superoxidized MBH, the hydroxyl ligand occurred with a high
variation in occupancy, reaching from 0 % in PDB entry 4TTT, 30 % in PDB entry 4IUC (B-
factor: 9 A?), up to 88 % in PDB entry 4IUB (B-factor: 11 A2).!* At present it remains unclear
whether the Fel-bound hydroxyl ligand and the E76s-shift are related to the 5+/4+ redox state
transition of the [4Fe3S]-cluster or represent damages caused by high O: concentrations.
However, it is important to note that no remarkable damage due to high O: pressure and/or

radiation was observed for the remaining metal cofactors in the MBH.

The novel technique of crystal derivatisation (‘soak-and-freeze’) enables unprecedented
insight into the accessibility of the MBH tunnel network for gas molecules. Our data show that
MBH contains several hydrophobic tunnels that can be traced on the basis of O2 molecules

residing at defined sites. Remarkably, the positions of all detected O2 molecules match with
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those previously determined in krypton-derivatised MBH, which makes, at least in this case,
krypton a good mimic for O2. Molecular dynamics simulations further manifest the pathways
used by the gas molecules travelling from the protein surface to the deeply buried active site.
Furthermore, the MD simulations indicate that Oz and the much smaller H2 molecules likely use
the same route within the gas tunnel network. However, the simulations also revealed
differences in the distribution of Oz and H2. Oz occupies the two transition sites of tunnel A to
a much lesser extent than H2 does. O2 might instead be directed towards branch 1 of gas tunnel
B which is located far away from the vulnerable [NiFe] active site. Direct contact of Oz with
active site can, however, not be excluded, and the current model of Oz tolerance implies that O2
is reduced at the [NiFe] active site with the aid of electrons delivered by the fully reduced
proximal [4Fe3S]-cluster.!® Understanding the architecture of the tunnel network in MBH is
crucial for future modifications of the enzyme functions through engineering of the tunnel
characteristics. Site-directed amino acid exchanges allow either expansion or constriction as
well as changing the physical properties like hydrophobicity of the tunnel. These modifications
may have an influence on both the access of the substrate Hz to the active site and the

susceptibility of the enzyme toward Ox.
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Full Methods

Protein expression and purification. Native MBH was produced and purified in the as-

isolated (air-oxidized) state as described elsewhere.!?2

Crystallisation. MBH was crystallized with the sitting-drop vapor diffusion method in 24- well
Linbro plates (Jena Bioscience) at a concentration of about 10 mg ml! and at 277 K. The
reservoir solution contained 20-30 % polyethylene glycol 3350, 100 mM Bis-(2-hydroxy-
ethyl)-amino-tris(hydroxylmethyl)-methane buffer at pH 5.5 - 6.5. Precipitants and protein
solution were mixed in different ratios (7 - 8 pul) into micro-bridges (Hampton Research). After
2-4 days the dark-brown needle shaped MBH crystals were directly used for high-pressure
cooling and Oz derivatisation experiments or were cryo-protected in 15 % glycerol and flash

cooled in liquid nitrogen (LN2) for native data set collection.

High-pressure cryo-cooling. The cryo-protectant free cooling of the MBH crystals was
performed using a high-pressure cooling system recently developed at the ESRF in Grenoble.?°
The needle shaped crystals were directly harvested from the crystallization drop with specific
pluggable sample supports (MiTeGen, Ithaca) and transferred into the pressurizing drop tubes
at room temperature. The lower parts of the drop tubes were then cooled in LN2 and the crystals
were pressurized with 2000 bar of helium. Thereafter the crystals were dropped into the bottom
of the tube and flash-cooled at 77 K. Finally, the system was depressurized, the crystals handled
in liquid nitrogen and stored under LN2 for further X-ray experiments. Four crystals could be

high-pressure cooled at the same time.

02 derivatisation. The MBH crystals were derivatised with O2 gas in a cryogenic oxygen
pressure cell newly developed at the ESRF in Grenoble.!® Each time one crystal was harvested
from the crystallization drop with a specific pluggable sample support (MiTeGen, Ithaca) being
surrounded by mother liquor including 15 % glycerol. The crystal was then loaded into the

pressurising drop tube at room temperature. The MBH crystals were pressurized at 56 bar (5600
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kPa) and 70 bar (7000 kPa) in a time frame from 15 to77 min. Still under pressure the crystal
was dropped into the bottom of the tube and flash-cooled at 77 K. After depressurizing the
system, the crystal was handled in LN2 with a specially designed cryo-toolkit and stored in

liquid nitrogen for further X-ray experiments.

Structure analysis. Diffraction data was collected at the synchrotron radiation facility ESRF
in Grenoble, France. The best high-pressure (HP) data set was collected at the tunable beamline
ID29% with a PILATUS 6M-F detector at a wavelength of 0.976 A. The best oxygen derivatised
(OxD) and reference (REF) data set were collected at the tunable beamline ID30B?® with a
PILATUS 6M-F detector at a wavelength of 0.976 A. All data sets were measured using data
collection and strategy software packages MxCube?® and EDNA.*° The data collection was
carried out in the helical rotation mode at 100 K, a rotation increment of 0.05 © with an exposure
time of 0.037 s for each frame (3000 images collected) and a detector-to-crystal distance of 191
mm, 163 mm and 256 mm for the HP, OxD and REF data set, respectively. The images of the
best data set were indexed, integrated and scaled using the XDS program package®! and the
CCP4* program SCALA.* All crystals belong to orthorhombic space group P2:2;2; (unit cell
constants HP: a=73.39 A, b=95.70 A, ¢ = 121.57 A; a = p =y = 90.00°, unit cell constants

OxD:a=73.13A,b=9557 A, ¢ =119.69 A; a = B =y =90.00°, unit cell constants REF: a =

7311 A, b=9557 A, c=119.83 A; o = p =y = 90.00°). Initial phases for MBH (HP, OxD,
REF) were obtained by molecular replacement based on the crystal structure of the reduced
state MBH (PDB entry 4TTT) as initial search model using the CCP4 program PHASER >+
Subsequently, different refinement strategies (inter alia real-space refinement, B-factor
refinements) and simulated-annealing (slow cooling protocol, maximum likelihood target
function, energy minimization) were carried out. The search for water molecules was performed
with the PHENIX suite.®® The crystal structure was finalized with the CCP4 program
REFMACS5.?” Manual rebuilding of HP, OxD and REF models and electron density
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interpretation were performed after each refinement cycle using the program COOT.* The final
OxD model has agreement factors Rirce/ Rwork of 13.2 % / 16.3 %.% Structure validations were
performed with the programs of the RCSB PDB Validation server*’, MolProbity server*! and
WHAT IF server*?. All molecular graphics representations were created using PyYMOL.?* Table

4 summarizes the statistics for crystallographic data collection and structural refinement.

Caver tunnel calculation. The program Caver 3.0 was used as PYMOL plugin.!*>* The settings
in the program were manually adjusted. The initial starting point (NH2 of the guanidine- group of
the arginine, i.e. R530L for MBH), shell depth (2 A), shell radius (3 A), cluster threshold (3.5
A), desired radius (5 A) and the maximum distance (3 A) were maintained constant for all
calculations. The maximum distance specifies the furthest point (from the initial arginine) to start
a tunnel calculation. The bottleneck radius is the narrowest part of a given tunnel and
corresponds to the minimum probe radius. The tunnel analysis provides a list of calculated
tunnels (residues) with their bottleneck residues which were used to draw Figure 2 and
Supplementary Figure 2. The tunnels are ranked according to a specific cost function (e.g. two
tunnels with equal radii the one with the shorter distances has a lower cost).!” The tunnel with

the lowest cost is the primary tunnel.

Molecular dynamics simulations. Classical molecular dynamics (MD) simulations were
performed to investigate the diffusion of Oz and H2 within MBH. For this, the coordinates of
reduced MBH (PDB entry 3RGW) were used as starting configuration.!?> While the protein was
described with the Gromos53a6 united force field*’, the inorganic ligands ([NiFe] active site
and [FeS] clusters) were treated as rigid bodies using the Lincs algorithm.** Their partial charges
were adopted from an earlier work.*’ The protein-cofactor model was solvated in a cubic pre-
equilibrated SPC water box* under ca. 25 mM NaCl. Additionally, Oz (or H2) molecules
mimicking a concentration of ca. 225 mM were inserted randomly replacing bulk water
molecules. The high concentration of oxygen was used to increase the interaction with
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MBH similar as it was done for the standard hydrogenase.!” Both gas molecules were simulated

as three-site model described in literature.!”

After stepwise energy minimizing and thermally equilibrating the model at 300 K, the system
was subjected to a 300 ns long production run. During the simulation carried out with Gromacs
4.6.5, a time step of 2 fs was enabled by constraining all bonds containing hydrogen atoms by
the Lincs algorithm.*! The NPT ensemble (constant number of particles, pressure (p=1 atm) and
temperature (T=300 K)) under periodic boundary conditions was realized by the Berendsen
pressure*® and v-rescale temperature*” methods applying pressure and temperature coupling
constants of tp= 1.0 ps and 1r= 0.1 ps, respectively. Electrostatic interactions beyond a cut- off
of 1.4 nm were modelled by the Particle Mesh Ewald summation® and van der Waals

interactions were truncated beyond 1.2 nm.

Gas transition models. The diffusion of Oz and H2 within the MBH was described by a simple
transition model based on the Oz (H2) dynamics extracted from the MD simulations. In total,
eight regions were defined. Seven regions correspond to spheres of 5 A around the amino acids
surrounding oxygen molecules (Oxy1-Oxy7) in the crystal structure. Bulk solvent (or region 0)
contained all gas molecules outside these six defined spheres (solvent and undefined positions
in MBH). Based on this model, transitions between these regions were analysed for all O2 (Hz)
molecules using a time resolution of 20 ps. Furthermore, occupancies were calculated taking

the last 150 ns of the trajectory into account.
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Figure 1 | Overview of substrate and product flow.

L

iFe] active site.,
T LA O

Ribbon/line representation of the large (green) and Lsrnall (blue) subunit of O2-derivatised MBH
(PDB entry SMDL). The [NiFe] active site and the three [FeS]-clusters are depicted in the balls
and sticks representation. The hydrophobic gas tunnel and the hydrophilic water channel are
shown as gray surfaces calculated with PyYMOL.?* Molecular oxygen and water molecules are
shown as spheres in magenta and blue, respectively. Amino acid R530L, which was used as initial
starting point for the Caver 3.0 tunnel calculation'’, is shown in stick representation. The Caver
results are pictured as orange and green chains of spheres with a bottleneck radius of 1.4 A and
1.3 A, respectively. The directions of the flow of H2/O2molecules, electrons and water molecules

are illustrated as black, light blue and yellow dashed arrows, respectively.
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Figure 2 | 02 molecules detected in the MBH gas tunnel network.

Ribbon/line representation of MBH with the gas tunnel shown as grey surface (calculated with
PyMOL?"). Molecular oxygen molecules are depicted as magenta sticks with an Fo% -
Fo"é/érence glectron density map contoured at 3 ¢ (cyan mesh) and are calculated on the basis of
the Oq-free reference data set. Water molecules are shown as blue spheres. R530L (stick
representation) served as initial starting point for the Caver calculation'® of the gas tunnels. The
main gas routes are represented by orange and green chains of spheres. The bottlenecks are
illustrated as red spheres and are composed of A127r, V131L and A202cL for tunnel B. The

bottleneck for tunnel A is positioned right at the gate to the [NiFe] active site.
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Figure 3 | Comparison of the experimentally determined O2 positions in the predicted

gas tunnels with the O2 densities derived from MD simulations.

Oz densities obtained from MD simulations (pink surface) are superimposed on the structure of
O:-derivatised MBH. The MBH tunnels calculated in PyMOL?* are shown as grey surface
consisting of tunnel A, tunnel B, and branch 1. Oz positions determined by the soak-and-freeze
approach are indicated as cyan and dark blue spheres. The O2 molecules at positions 5 — 7 are
only for comparison as they are not modelled in the actual MBH structure due to low occupancy.
The backbone of the MBH is drawn in the ribbon representation and the active site as ball and

stick model.
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Figure 4 | Example travelling pathways for O2 through the gas tunnel network.

The diffusion pathways of three individual Oz molecules during 3-5 ns are shown as red, purple
and yellow lines. During the complete trajectories, gas molecules enter and leave the MBH at
two main sites close to the calculated tunnels A and B (Caver 3.0, grey spheres), but to a lower
content also at branch 1. The MBH large and small subunits are shown as green and blue cartoon,
respectively. The active site (green, carbon; red, oxygen; blue, nitrogen; orange, iron; green,
nickel) and the proximal [4Fe3S] cluster (yellow, sulphur; pink, iron) are indicated in the ball

and stick representation.
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Figure 5 | Comparison of O2-derivatised, reference and high-pressure MBH structures on

the basis of the B (temperature)-factors.

All structures are shown in tube representations. Low to high B-factors are represented in the
range from blue to red colour and are set from 10 to 50 A2. The hydrophobic tunnel is illustrated
in black and calculated with PyMOL.?* The lower structures are rotated by 110° and provide a

view on the entry of tunnel A edged by a white line.
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Table 1 | Oxygen derivatisation experiments.

Data set Pressure Time Resolution  Occupancy Fe4-E76s  OH ligand

(bar) (min) A) Oxyl (%) distance (A) (%)
1 56 15 1.35 63 2.8 31
2 56 15 1.30 72 2.8 27
3 56 15 1.42 71 3.1 36
4 56 15 1.44 80 2.8 28
6 56 30 1.31 79 2.5 22
7 56 30 1.45 73 2.8 39
8 56 30 1.27 92 2.4 35
9 56 30 1.32 91 2.5 41
10 56 60 1.55 91 2.6 72
5 56 77 1.37 62 2.9 36
11 70 15 1.41 100 2.6 45
12 70 15 1.45 91 2.7 32

101



Table 2

Reference data set experiments.

Data set | Resolution (A) | Fe4-E76s distance (A)
1 1.40 3.37
2 1.41 3.30
3 1.38 3.50
4 1.36 3.39
5 1.50 3.43

Table 3 | Characteristics of O2 molecules of derivatised MBH.

02 Close environment Fo%2 — Foreference Occupancy | p_factor ( AZ)
position (dist. <4 A) peak (o) (%) of O2 atoms
1 W130L, V280, 12831, 14.94 100 O1:29.61
G284, T473L 02:27.98
2 M30t, V461, S47L, F569L, 8.41 50 01: 2691
E570L, L5731, L591L 02: 28.21
3 Al127c., L128, VI31L, 11.42 62 01:29.99
A202 L, V2031, Y206L 02: 28.47
4 S21s, E22s, 125s, T47s 3.69 56 01:30.72
02:30.92
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Table 4 | Data collection and refinement statistics.

O:-derivatised

High-pressure

Non-derivatised

MBH
(as-isloated)
PDB entry SMDL SMDJ SMDK
Data collection ESRF, ID30B ESRF, ID29 ESRF, ID30B
Space group P2]12]12] P2]12]12] P2]12]12]
Cell dimensions
a,b,c(A) 73.13,95.57,119.69 73.39, 95.70, 121.57 73.11,95.57,119.83
a B,y () 90, 90, 90¢ 90, 90, 90¢ 90, 90, 90¢
Resolution (A) 47.78 - 1.41b 47.85 - 1.48b 47.78 - 1.50b
(1.49-1.41) (1.56 - 1.48) (1.58 - 1.50)
Rmeree>] 0.064 (0.681)? 0.064 (0.839) 0.060 (0.800)?
1o)\P? 10.7 (2.00? 12.5 (2,00 12.4 (1.9
cc/zx 100 (89.6)° 100 (82.6) 100 (88)”
Completeness (%) 96.4 (94.4)° 99.8 (99.4)° 99.8 (98.9)°
Redundancy 4.8 (4.6) 5.6 (5.0 5.4 (5.2
Wilson B factor (Az) 14.4 20.7 19.9
Refinement
Resolution (A) 1.41 1.48 1.50
No. Reflections 147390 135294 127184
Rwork/ Rfree (%) 13.2/16.3 14.4/17.8 13.2/16.4
No. atoms / residues
Large subunit (HoxG) 4774 /601 4687 /601 4800 /601
Small subunit (HoxK) 2118 /269 2057 /268 2147 /269
Others:
[FeS] clusters 22/3 23/3 22/3
[NiFe] active site 9/1 9/1 9/1
Water 617 /609 478 /473 656/ 655
Dioxygen 8/4 0 0
cr 1/1 1/1 5/3
M22+ 1/1 1/1 1/1
PEG 7/1 0
Mean B-tactop (all 19.59 26.1 24.63
atoms; A“)
R.m.s.€ deviations
Bond lengths (A) 0.008 0.010 0.007
Bond angles (°) 1.261 1.379 1.249
Ramachandran t)lotd’53
% most favoured 98 98 97
2/0 2/0 3/0

Allowed /Disallowed

“One crystal was used; "highest resolution shell is shown in parenthesis; “R.m.s. - root mean square;

103



435 defined in the program RAMPAGE
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Table 5 | Selected cluster distances.

O:z-derivatised High-pressure Reference
[NiFe] active site
Ni-Fe distance (A) 2.9 2.9 2.9
[4Fe3S]-cluster
Fe4-N20 distance (A) 21 2.2 22
[4Fe3S]-cluster
Fe4-E76s distance (A) 2.6 3.2 34

Table 6 | Transition matrix for the O: diffusion

bulk Oxyl Oxy2 Oxy3 Oxy 4 Oxy5 Oxy6 Oxy?7

bulk 99.6 0.0 0.0 0.0 0.0 0.0 0.0 0.0
Oxyl 42 709 0.0 7.2 0.0 0.0 2.9 14.8
Oxy2 11.0 0.0 88.9 0.0 0.0 0.0 0.0 0.0
Oxy3 9.7 6.8 0.0 71.0 7.0 5.5 0.0 0.0
Oxy4 9.2 0.0 0.0 14.3 69.4 7.1 0.0 0.0
Oxy5 232 0.0 0.1 15.6 9.3 51.8 0.0 0.0
Oxy6 28.6 5.1 0.0 0.0 0.0 0.0 62.9 34
Oxy7 119 1509 0.0 0.0 0.0 0.0 2.2 70.0

All directional (column to row) gas hopping probabilities are given in %. The “bulk™ region

contains positions in the solvent or undefined areas in the protein.
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Supplementary Figure 1 | Superposition of O2 and krypton binding positions in gas-

derivatised MBH and O2 transition network.

(A) Ribbon/line representation of Oz-derivatised MBH (PDB entry SMDL) with
the hydrophobic gas tunnel shown as grey surface (calculated with PYMOL). The [NiFe]
active site is depicted as balls and sticks. Krypton atoms (PDB entry 5D51) and water
moleculesareshown as spheres in yellow and blue, respectively. Binding positions
of molecular oxygen are illustrated as cyan mesh of the Fo’: - Fo™/¢™n< glectron
density map contoured at 3 o. Further possible Oz binding positions are shown as
magenta mesh of the Fo% - For¥eenceelectron density map contouredat2.5 . Gas
tunnel A and B calculated by Caver are pictured as orange and green dashed arrows,
respectively. (B) The transition network consists of six sites (nodes) illustrated as red
circles (site 0 and Oxy2 are not shown). The percental occupancy of each site is
indicated within the circles. Transitions between nodes are highlighted as arrows,
weighted according to their probabilities. Blue arrows mark regions with the highest

transition probability coming from state 0, the bulk region (in %).
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L 166ILE L 171LYS

L 169ARG L 598 LEU

L 170LEU S 6ARG
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L 173PHE S 21SER | -
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Supplementary Figure 2 | Hydrophobicity of the MBH gas tunnel network.

All amino acids are depicted as sticks in green for the large subunit and in blue for the small
subunit. The tunnel is illustrated as surface calculated in PyYMOL in green for the large subunit
and in blue for the small subunit. The red surface shows all hydrophobic amino acids lining the

gas tunnel A and B.
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Supplementary Figure 3 | Hydrogen densities from the Molecular dynamics (MD)

simulations.

Hydrogen densities obtained from the MD simulations (pink surface) are mapped on the Oa-
derivatised MBH. PyMOL tunnel depicted as grey surface consisting of tunnel A, tunnel B and
branch 1. Further, the oxygen positions determined by the soak-and-freeze approach are
indicated cyan spheres. The backbone of the MBH is drawn in the ribbon representation and

the active site in the stick and balls representation.
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Supplementary Figure 4 | Hydrogen transition (compared to O2) network in the MBH.
(A) The transition network consists of six sites (nodes) illustrated as red circles (site 0 and
Oxy?2 are not shown). The percental occupancy of each site is indicated within the circles.
Transition between nodes are highlighted as arrows, weighted according to their
probabilities. Blue arrows mark regions with the highest transition probability coming
from state 0 (in %). (B) The oxygen transition network as comparison to A (described in

Supplementary Figure 1 B).

Supplementary Table 1 | Transition matrix for the H2 diffusion

bulk Oxyl Oxy 2 Oxy 3 Oxy 4 Oxy 5 Oxy6 Oxy?7

bulk 995 0.0 00 0.0 0.0 0.1 0.1 0.0
Oxyl 49 722 03 2.7 0.0 0.2 3.1 16.5
Oxy2 127 04 864 0.0 0.0 0.5 0.0 0.0
Oxy3 11.6 44 0.0 70.0 3.6 10.4 0.0 0.0
Oxy4 16.0 0.0 00 4.8 57.1 22.1 0.0 0.0
OxyS 255 04 0.7 10.4 17.4 45.3 0.0 0.0
Oxy6 32.8 6.2 00 0.0 0.0 0.0 58.4 2.5
Oxy7 131 244 0.0 0.0 0.0 0.0 1.9 60.5

All directional (column to row) gas hopping probabilities are given in %. The “bulk” region

contains positions in the solvent or undefined areas in the protein.
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MBH RMSD
O,-derivatised vs. non-derivatised

Supplementary Figure 5 | Root mean square deviation (RMSD) of O2-derivatised and
non-derivatised MBH.

Ribbon representation of the MBH small and large subunits. [NiFe] active site and [FeS]-
clusters are shown in ball and stick representation. The hydrophobic tunnel network is shown
as orange surface calculated with PyMOL.?! The two structures were aligned with the program
PyMOL and the corresponding structural differences were coloured from blue to red. With

blue colour specifies the minimum and red maximum pairwise RMSD.
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proximal [4Fe3S] cluster

Supplementary Figure 6 | [NiFe] active site and the proximal [4Fe3S] cluster of the O2-
derivatised MBH.

The [NiFe] active site and the proximal [4Fe3S] cluster are depicted as ball and stick. The
nickel ion is coordinated by four cysteine residues of which two are bound terminally
and the other two bridging with the iron atom. Additionally, the iron atom is bound to
three diatomic ligands (2x CN", CO). In the oxidised state the Ni and Fe are bridged by a
hydroxide ligand (red sphere) and have a distance of 2.9 A. The proximal cluster is
shown in its open conformation in the oxidised state where the Fe4 is bound to the
backbone nitrogen of cysteine 20 with a bond distance of 2.1 A. Furthermore, we can
find a hydroxyl ligand at the Fel. For both centers the 2Fo-Fc electron density map is

depicted as blue mesh and contoured at 1c.
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proximal [4Fe3S] cluster

Supplementary Figure 7 | Proximal [4Fe3S] cluster and amino acid E76S of O2-derivatised
and non-derivatised MBH.

The proximal cluster of O2-derivatised (PDB entry SMDL, blue) and non-derivatised (PDB
entry SMDK, orange) MBH isshownasballsandsticksinitsas-isolatedstate withanopen
conformation. The 2Fo-Fc electron density map of E767*"¢js illustrated as blue mesh and

contoured at 1. The Fo% - Fo™/¢rén“®electron density map is depicted as green mesh and

contouredat3o.
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proximal [4Fe3S] cluster

Supplementary Figure 8 | Proximal [4Fe3S]| cluster and hydroxyl ligand of the O2-
derivatised MBH.

The proximal cluster is shown in its superoxidised state with an open conformation and the
hydroxyl ligand bound to Fel with a distance of 1.8 A. The positive Fo-Fc electron density

map of the hydroxyl ligand is illustrated as green mesh and contoured at 3c.
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Pseudomonas aeruginosa expresses a secreted LOX-isoform (PA-LOX, LoxA) capable of oxidizing polyenoic fatty
acids to hydroperoxy derivatives. Here we report high-level expression of this enzyme in E. coli and its structural
and functional characterization. Recombinant PA-LOX oxygenates polyenoic fatty acids including eicosapentaenoic
acid and docosahexaenoic acid to the corresponding (n-6)S-hydroperoxy derivatives. This reaction involves ab-
straction of the proS-hydrogen from the n-8 bisallylic methylene. PA-LOX lacks major leukotriene synthase activity
but converts 5S-HETE and 5S,6R/S-DiHETE to anti-inflammatory and pro-resolving lipoxins. It also exhibits phos-

Keywords:
Eic}g:anoids pholipid oxygenase activity as indicated by the formation of a specific pattern of oxygenation products from differ-
Bacteria ent phospholipid subspecies. Multiple mutagenesis studies revealed that PA-LOX does not follow classical concepts

explaining the reaction specificity of mammalian LOXs. The crystal structure of PA-LOX was solved with resolutions
of up to 1.48 A and its polypeptide chain is folded as single domain. The substrate-binding pocket consists of two
fatty acid binding subcavities and lobby. Subcavity-1 contains the catalytic non-heme iron. A phosphatidylethanol-
amine molecule occupies the substrate-binding pocket and its sn1 fatty acid is located close to the catalytic non-

Biomembranes

Protein X-ray crystallography
Protein structure
Inflammation

Infection heme iron. His377, His382, His555, Asn559 and the C-terminal Ile685 function as direct iron ligands and a water
molecule (hydroxyl) completes the octahedral ligand sphere. Although the biological relevance of PA-LOX is still
unknown its functional characteristics (lipoxin synthase activity) implicate this enzyme in a bacterial evasion strat-
egy aimed at downregulating the hosts' immune system.

© 2016 Elsevier B.V. All rights reserved.
1. Introduction not only expressed in mammals but also occur in lower organisms [4,5]

including bacteria [6,7]. Among all bacterial genomes sequenced so far,

Mammalian lipoxygenases (LOXs) have been implicated in the bio- <0.5% contain LOX-like sequences, which are likely to encode for func-

synthesis of bioactive lipids and in cell differentiation but also play a
role in the pathogenesis of hyperproliferative, cardiovascular and neuro-
degenerative diseases [1,2]. The human genome involves six functional
LOX genes (ALOX15, ALOX15B, ALOX12, ALOX12B, ALOXE3, ALOX5)
whereas in mice seven different ALOX-isoforms (Alox15, Alox15b,
Alox12, Alox12b, Alox5, Aloxe3, Aloxe12) exist [3]. However, LOXs are
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tional LOX-isoforms. These data suggest that LOXs are not essential for
the survival of bacteria [4]. In fact, most human pathogenic bacteria do
not carry LOX genes and thus, for many specific bacterial infections, path-
ogen LOXs may not play a major role for disease development. Bacterial
species, which contain putative LOX sequences include firmicutes, differ-
ent types of proteobacteria, cyanobacteria, actinobacteria and represen-
tatives of the CFB group [4]. Bacterial LOXs exhibit different reaction
specificity when acting on different fatty acid substrates. For instance,
LOX from Nostoc sp. PCC 712 oxygenates linoleic acid preferentially to
9R-HpODE [8], whereas the enzyme from Anabaena sp. exhibits a vari-
able specificity [8,9]. The LOX from Acaryochloris marina, constitutes a fu-
sion protein consisting of an N-terminal heme-domain with a sequence
homology to catalase and a C-terminal LOX-domain [10]. When the
LOX-domain was separately expressed in E. coli, it oxygenated ®»-3
fatty acids at the n-7 position with R stereo-specificity [11].
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In 2004 [6] the first bacterial LOX was characterized in the facultative
pathogen Pseudomonas aeruginosa. This enzyme was named LoxA and we
refer to it as PA-LOX throughout this paper. This LOX-isoform has been
expressed as recombinant protein and was later on well characterized
[6,12,13] with respect to its protein chemical and enzymatic properties.
Interestingly, when purified from natural sources it exhibited different
protein-chemical and enzymatic properties, which might be related to
posttranslational modification of the enzyme [14]. Recombinant PA-
LOX was crystallized and its crystal structure revealed remarkable struc-
tural differences in comparison to eukaryotic LOX-isoforms. The polypep-
tide chain is folded into a single domain and thus, the enzyme does not
show the classical two-domain structure of eukaryotic LOXs [15-18].
Moreover, the substrate-binding pocket of the recombinant enzyme is
large enough to allow the binding of a complete phospholipid molecule.
In fact, the crystal structure indicated a phosphatidylethanolamine mole-
cule bound at the active site, which carries one C18 (sn1 position) and
one C14/16 (sn2 position) fatty acid [12]. This ligand was spontaneously
incorporated into the holoenzyme during recombinant expression and
was retained throughout the entire purification procedure. Recently,
two additional papers were published about this enzyme. We have re-
ported that pure recombinant PA-LOX is capable of oxygenating intact
erythrocyte membranes, which leads to hemolysis and to the formation
of specifically oxygenated phospholipids [19]. An even more recent re-
port challenged this hypothesis but implicated the enzyme in biofilm
growth in association with the host airway epithelium [20].

Although a number of enzymatic properties of PA-LOX have been
explored in the past [13,20], little is known about its reaction specificity
with complex substrates. Moreover, no targeted mutagenesis studies
have been carried out to alter the enzymatic properties [21-24]. Here
we report structural and functional characterization of PA-LOX, which
includes the crystal structure of the enzyme in two different space
groups at 1.48 A and 1.90 A resolution and multiple mutagenesis studies
to test the applicability of different mechanistic concepts explaining the
reaction specificity of mammalian LOXs.

2. Materials and methods
2.1. Chemicals

The chemicals used were obtained from the following sources: arachi-
donic acid and linoleic acid from Sigma (Taufkirchen, Germany); HPLC
standards of 5(=)-HETE, 12S-HETE, 12(+)-HETE, 15S-HETE, 15(+)-
HETE, 13S-HODE and 13(+)-HODE from Cayman Chem. (distributed by
Biomol, Hamburg, Germany); sodium borohydride from Life Technolo-
gies, Inc. (Eggenstein, Germany); HPLC solvents from Baker (Deventer,
The Netherlands); antibiotics and isopropyl-p-thiogalactopyranoside
(IPTG) from Carl Roth GmbH (Karlsruhe, Germany); restriction enzymes
from Thermo Fisher Scientific-Fermentas (Schwerte, Germany); the
E. coli strain BL21 (DE3) pLysS from Invitrogen (Carlsbad, USA); E. coli
strain XL-1 blue from Stratagene (La Jolla, USA). Oligonucleotide
synthesis was performed at BioTez (Berlin, Germany). Phospholipid
substrates (1-palmitoyl-2-linoleoyl phosphatidylethanolamine, L-
phosphatidylionositol sodium salt, 2-linoleoyl-palmitoyl-sn-glycero-3
phosphatidylcholine, 1-palmitoyl-2-linoleoyl-sn-glcero-3-phospho-L-
serine sodium salt) 1,2-dilinoleoyl-sn-glycero-3-phosphatidylethanol-
amine were purchased from Santa Cruz (Heidelberg, Germany), Sigma
Aldrich (Schnelldorf, Germany) and Avanti Polar Lipids (Alabama,
USA,; distributed by Otto Norel, Hamburg, Germany). Nucleic acid se-
quencing was carried out at Eurofins MWG Operon (Ebersberg,
Germany). Native rabbit ALOX15 (rabALOX15) was prepared to appar-
ent electrophoretic homogeneity from a reticulocyte-rich hemolysate
supernatant by sequential ammonium sulfate precipitation, anion ex-
change chromatography and isoelectric focusing [25]. [11R-H]-linoleic
acid (proR; 24% deuterated) and [11S-2H]-linoleic acid (proS; 98% deu-
terated) were prepared as earlier described [26,27].

2.2. Bacterial expression, purification and site-directed mutagenesis

Recombinant expression (E. coli) and affinity purification of PA-LOX
were carried out as described before [19]. Site-directed mutagenesis
was performed using the Pfu Ultra II Hotstart 2XPCR Mastermix
(Agilent Technologies, California, USA) according to the instructions of
the manufacturer. 5-10 bacterial clones were picked for each mutant,
plasmids were prepared using NucleoSpin Plasmid Easy Pure kit
(Macherey-Nagel, Diiren, Germany) and positive clones were identified
by nucleotide sequencing (Eurofins Genomics, Ebersberg, Germany).
The mutant proteins, which include PA-LOX Glu369Ala, Leu612Val,
Met434Val, Phe435Leu, Met434Val 4 Phe435Leu (Triad concept) and
Glu604Tyr + Lys605His (Jisaka concept) were then expressed, purified
and used for enzymatic characterization.

2.3. Fatty acid oxygenase activity assays

Linoleic acid and arachidonic acid oxygenase activities of PA-LOX
and rabbit ALOX15 were determined either spectro-photometrically
using a Shimadzu instrument (Shimadzu UV-2102 PC spectrophotome-
ter, Shimadzu, Duisburg, Germany) or oxygraphically with a Clarke-
type oxygen electrode (Hansatech, Norfolk, UK). To quantify the fatty
acid oxygenase activity of the other polyenoic fatty acid isomers, ali-
quots of the enzyme preparations (PA-LOX, rabbit ALOX15) were incu-
bated in 1 ml of PBS (pH 7.4) containing 0.1 mM of different polyenoic
fatty acids as substrates. After a three-minute incubation period, the
formed hydroperoxy compounds were reduced with sodium borohy-
dride and after acidification, 1 ml of ice-cold methanol was added. The
protein precipitate was spun down and aliquots of the clear supernatant
were injected to RP-HPLC for identification and quantification of the ox-
ygenation products.

2.4. GC/MS analysis of reaction products

To identify the chemical structure of the major fatty acid oxygena-
tion products of the different polyenoic fatty acids the dominant conju-
gated dienes were prepared by RP-HPLC, silylated with BSTFA and
further analyzed by GC/MS on a Hewlett Packard 5890 Series II Plus
gas chromatograph coupled with Hewlett Packard 5971 detector and
equipped with a 19091A 101HP-Ultra 1 column (12 m x 0.2 mm, coat-
ing thickness 0.33 pum). The injector and ion source temperatures were
set at 280 °C and 200 °C, respectively. The derivatized fatty acids were
eluted with the following temperature program: isothermically at
70 °C for 3 min and then from 70 to 300 °C at a rate 30 °C/min.

2.5. Determination of iron content

The iron content of the expressed and purified wild-type PA-LOX
was computed by atom absorbance spectroscopy on a Perkin-Elmer
Life Sciences AA800 instrument equipped with an AS800 auto sampler.
The value of the iron content obtained was related to the PA-LOX that
was measured spectro-photometrically (1 mg/ml pure PA-LOX gives
an absorbance of 1.1 at 280 nm).

2.6. Phospholipid oxygenase activity assay

To quantify the phospholipid oxygenase activity of both, PA-LOX and
rabbit ALOX15, aliquots of the enzyme preparations were incubated
with phospholipid vesicles as model membranes. The volume of the
assay system was adjusted to 1 ml and different membrane and enzyme
concentrations were initially tested. After the time periods indicated,
the reaction was stopped by the addition of sodium borohydride. Fol-
lowing acidification, the total lipids were extracted from the reaction
mixtures [28], the solvent was evaporated and the remaining ester
lipids were reconstituted in 1 ml of a 1:1 mixture of chloroform and
methanol. Aliquots of this mixture were then either subjected to HPLC
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separation of the major phospholipid classes or to alkaline hydrolysis.
For this purpose, the solvent was evaporated and the remaining lipids
were reconstituted in 0.85 ml methanol. 0.15 ml of 40% KOH was
added and the ester lipids were hydrolyzed at 60 °C for 20 min under
argon atmosphere. Then the samples were cooled down, acidified
with 0.15 ml acetic acid and aliquots of this mixture were injected
into RP-HPLC for quantification of the 13-HODE + 15-HETE/linoleic
acid + arachidonic acid ratio [29].

2.7. Lipid analytics

HPLC analysis of the LOX products was performed on a Shimadzu in-
strument equipped with a Hewlett-Packard diode array detector 1040 A
by recording the absorbance at 235 nm. Reverse phase-HPLC was carried
out on a Nucleodur C18 Gravity column (Marchery-Nagel, Diiren,
Germany; 250 x 4 mm, 5 pum particle size) coupled with a guard column
(8 x 4 mm, 5 pm particle size). A solvent system of methanol/water/
acetic acid (85/15/0.1, by volume) was used at a flow rate of 1 ml/min.
Normal phase-HPLC (SP-HPLC) was performed on a Nucleosil 100-5 col-
umn (250 x 4 mm, 5 pum particle size) with the solvent system n-hexane/
2-propanol/acetic acid (100/2/0.1, by volume) and a flow rate of
1 ml/min. Hydroxy fatty acid enantiomers (15-HETE, 13-HODE) were
separated by chiral phase HPLC (CP-HPLC) on a Chiralcel OD column
(Daicel Chem. Ind., Ltd., Osaka, Japan) using a solvent system consisting
of hexane/2-propanol/acetic acid (100/5/0.1, by volume) and a flow
rate of 1 ml/min.

2.8. Crystallization of PA-LOX

PA-LOX was crystallized in two different crystallization buffers lead-
ing to two crystal forms. Crystallizations were performed with the
sitting-drop vapour diffusion method in 24-well Linbro plates (Jena Bio-
sciences, Jena, Germany) and a protein concentration of about 15 mg/ml
at 293 K. The first crystallization condition (crystal form 1) was obtained
over a reservoir solution containing 10% polyethylene glycol (PEG)
3350, 50 mM magnesium chloride (MgCl,) and 100 mM HEPES buffer
at pH 7.5. Precipitants and protein solution were mixed in a 1.5/2 pl
ratio into micro-bridges (Hampton Research, Aliso Viejo, USA). After
6-8 weeks the needle shaped PA-LOX crystals were cryo-cooled in lig-
uid nitrogen using 20% glycerol. The reservoir solution of the second
crystallization condition (crystal form 2) contained 12% PEG 3350,
0.2 M MgCl, and 0.1 M tris(hydroxymethyl) aminomethane at pH 7.1.
Precipitants, protein solution and seeding stock were mixed into
micro-bridges (Hampton Research, Aliso Viejo, USA) according to the
Microseed Matrix Seeding (MMS) protocol from Hampton Research.
After 3-6 weeks the plate-shaped crystals were cryo-cooled in liquid ni-
trogen using 25% glycerol as cryo-protectant. The cryo-protectant was
mixed to the crystallization buffer in 5% steps (15%, 20% and 25%).

2.9. Data collection and structure analysis

Diffraction data were collected at 100 K using the synchroton X-ray
source at BESSY II (Berlin, Germany) and ESRF (Grenoble, France). More
detailed information on data collection and evaluation of the X-ray data
is given in the supplement. All molecular graphics representations in
this work were created using the PyMOL software package.

2.10. Structural modeling of enzyme substrate complexes

Both structures of the wild-type PA-LOX enzyme present a phospha-
tidylethanolamine molecule (ZPE in the PDB entry) in two connected
hydrophobic pockets of which one is close to the active site (subcavity
1). We used the electron density of the endogenous ligand to model
linoleic acid and arachidonic acid in both PA-LOX structures. Structures
of arachidonic acid and linoleic acid were provided by the COOT library
and were directly modeled into the (positive difference) F,-F. electron

density map of the ZPE-ligand via several steps of rotation, translation
and real space refinement. The model-complex structures were final-
ized using the restrained refinement procedure of the CCP4 program
REFMAC5 and a last refinement of geometric restrains using COOT [30].
The structure of 5,8,11-eicosatrienoic acid was created with PyMOL
using arachidonic acid as template since both fatty acids only differ in
the double bond between C14 and C15.

3. Results
3.1. Enzyme preparation and purification

PA-LOX was routinely expressed as N-terminal polyhistidine-tag fu-
sion protein after elimination of the secretion sequence of the native en-
zyme. After cell lysis the supernatant was loaded on a Ni-agarose
column. The majority of the PA-LOX was typically recovered in the elu-
tion fractions 1, 2 and 3 (Fig. 1A). Since SDS-PAGE indicated a >90% ho-
mogeneity, aliquots of these fractions were employed for most of our
experiments as PA-LOX preparation. Applying this expression and puri-
fication strategy we typically obtained 3.2 4+ 0.3 mg of purified recom-
binant protein per 50 ml liquid culture (n = 10), which corresponds
to an expression level of 66 mg pure protein/l bacterial culture fluid.
This expression level is 5-fold higher than that achieved in a previous
study with a different bacterial expression system [20]. Here an expres-
sion level of 12 mg pure protein/l culture fluid was obtained. In SDS-
PAGE recombinant PA-LOX migrated with an apparent molecular
weight of 70 kDa. Its iron content was 106 + 3 mol% indicating that
the iron supply of the expression system was not critical. In the
Deschamps study [20] an iron content of 67% was reported. With fresh
enzyme preparations we determined for linoleic acid oxygenation at
pH 7.4 a molecular turnover rate of 165 s~ ' at 165 M substrate concen-
tration. After freezing and thawing of the enzyme we carried out more
detailed kinetic studies for the oxygenation of linoleic acid and arachi-
donic acid. The Lineweaver-Burk diagrams are shown in Figs. S1 and
S2 (see supplement) and the numeric values for the basic kinetic pa-
rameters are given in Table 1. The data suggest that under our experi-
mental conditions there is no major preference of the enzyme for
either of the two fatty acids (similar kcat/Km ratios) and this conclusion
is consistent with previous literature [20]. There is, however, a clear dif-
ference between the kcat/Vmax ratios calculated in our study and the
Deschamps paper [20]. For instance, for arachidonic acid we obtained
a kcat/Km ratio of 0.48 at pH 7.4 but in a previous paper [20] a value
0f 6.6 (UM s) ™ 'was determined (pH 7.5). Formally, these data suggest
that our enzyme preparation may be of lower quality. However, our ac-
tivity assays were carried out in the absence of any detergents whereas
0.01% of TX-100 was used in the previous study [20]. When we carried
out comparative activity assays in the presence and absence of a deter-
gent (deoxycholate) we observed a significant increase in the catalytic
activity (Fig. S3). Thus, because of the different assay conditions the ki-
netic constants calculated in the two studies cannot directly be
compared.

3.2. PA-LOX oxidizes linoleic acid and arachidonic acid to the n-6
hydroperoxy derivatives

As indicated above the two major polyenoic fatty acids of mammali-
an cells (linoleic acid, arachidonic acid) are suitable substrates for PA-
LOX. When the recombinant enzyme was incubated in vitro separately
with linoleic acid and arachidonic acid 13S-HpODE (Fig. 1B, I + II) and
15S-HpETE (Fig. 1C, I 4 II) were formed as major oxygenation products.
These results are consistent with previous literature data [6,12,20].

3.3. Stereochemistry of PA-LOX catalyzed fatty acid oxygenation

To explore the stereochemistry of fatty acid oxygenation we first an-
alyzed the enantiomer composition of the major products of linoleic
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Fig. 1. Recombinant expression of PA-LOX in E. coli. Recombinant PA-LOX was expressed as polyhistidine-tag fusion protein in a 50 ml liquid culture. After washing the bacterial pellet was
reconstituted in 5 ml of PBS, the cells were lyzed by sonication, debris was spun down. A) An aliquot (1 pl) of the lysis supernatant was applied to SDS-PAGE (Lys). The remaining lysis
supernatant was subjected to affinity chromatography on a Ni-agarose column and the polyhistidine-tag fusion proteins were eluted with elution buffer containing 200 mM imidazole.
Fractions of 0.3 ml were collected and aliquots of the elution fractions were analyzed by SDS-PAGE. M - molecular weight markers, Lys - lysis supernatant (1 pl), elution fractions 1-4
(2 ul). The gel was stained with Coomassie blue. B) An aliquot (0.1 pl) of the elution fraction 2 was incubated for 5 min in PBS containing 165 pM linoleic acid. The reaction products
were prepared as described in Materials and methods and analyzed by RP-, SP- and CP-HPLC. I) RP-HPLC, II) SP-HPLC of linoleic acid oxygenation products. Ill) CP-HPLC of linoleic acid
oxygenation product. C) An aliquot (0.1 pl) of the elution fraction 2 was incubated for 5 min in PBS containing 165 uM arachidonic acid. The reaction products were prepared as
described in Materials and methods and analyzed by RP-, SP- and CP-HPLC. I) RP-HPLC, II) SP-HPLC of arachidonic acid oxygenation products. IlI) CP-HPLC of arachidonic acid
oxygenation product. D) Stereochemistry of linoleic acid oxygenation by pure PA-LOX. The proS-hydrogen from C11 of linoleic acid is abstracted and oxygen is introduced

antarafacially (13S-H(p)ODE formation).

acid and arachidonic acid oxygenation. As indicated in Fig. 1 (IIl in
panels B and C) we found that for 13-H(p)ODE and 15-H(p)ETE the S-
enantiomers strongly prevailed. Thus, according to the antarafacial
character of the LOX reaction the proS-hydrogen should be abstracted
from the bisallylic methylene C11 of linoleic acid. To prove abstraction
of this hydrogen, we employed 11S- (proS) and 11R- (proR) deuterated
linoleic acids as substrates (Fig. 1D). The major oxygenation product

Table 1

Basic kinetic parameters for linoleic acid and arachidonic acid oxygenation by pure PA-
LOX. Pure PA-LOX was incubated in PBS (2.1 pg/ml) in the presence of arachidonic acid
or linoleic acid at five different substrate concentrations (10 pM, 20 uM, 50 pM, 100 pM,
165 uM) and the increase in absorbance at 235 nm was measured spectro-photometrically
(double readings at each substrate concentration). The data were used to construct
Lineweaver-Burk plots and the kinetic parameters were extracted from these diagrams.

[13-H(p)ODE] was isolated by SP-HPLC and its deuterium content was
determined by GC/MS. Employing proR-deuterated linoleic acid,
88.5 + 1.5% of the deuterium was retained in the reaction product

Table 2

Stereospecific hydrogen abstraction during linoleic acid oxygenation by PA-LOX and rabbit
ALOX15. PA-LOX (0.32 pg/ml for [11R-*H]-labeled substrate, 3.2 pg/ml for [11S->H]-labeled
substrate) and rabbit ALOX15 (3.5 pg/ml for [11R-H]-labeled substrate, 35 pg/ml for
[11S-?H]-labeled substrate) were incubated for 5 min with the two substrates (50 uM final
concentration) and the linoleate oxygenase reaction was followed spectro-photometrically.
The hydroperoxy compounds formed were reduced, the major oxygenation product was
prepared by sequential RP- and SP-HPLC and analyzed by GC/MS. Because of the kinetic iso-
topic effect 10-fold higher enzyme concentrations were used for the incubations with
[11S-?H]-deuterated substrate.

LOX-isoform Deuterated Deuterium Deuterated Deuterium
Substrate Vmax (UM/min) Km (uM) kecat/Km (uM s)~ 1) substrate retention (%) substrate retention (%)
Arachidonic acid 423 489 0.48 PA-LOX [11R-2H] 885+ 1.5 [11S-2H]- 33406
Linoleic acid 117.8 174.0 0.38 rabALOX15 89.0 £ 0.0 3.0+ 0.0
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(Table 2). In contrast, when we used proS-deuterated substrate only
3.3 + 0.6% of the label was retained. These data indicate that PA-LOX ab-
stracts the proS-hydrogen from C-11 of linoleic acid and thus, the en-
zyme follows the antarafacial concept of the LOX reaction. Similar
results were obtained for the rabbit enzyme when taken through the
same experimental protocol (Table 2).

3.4. Storage stability of purified PA-LOX

To explore the stability of recombinant PA-LOX the enzyme was in-
cubated at 4 °C for different time sets in the absence or presence of glyc-
erol. The enzymatic activity (spectro-photometric assay) was
determined as suitable readout parameter. As indicated in Fig. 2A the
enzyme loses about 60% of its activity during the first 24 h of incubation
independent of the presence or absence of glycerol. At longer incubation
periods the decrease in catalytic activity was much less rapid.

3.5. Temperature profile and activation energy

Next, we explored the temperature dependence of the catalytic ac-
tivity and calculated the activation energy. From Fig. 2B it can be seen
that the catalytic activity of PA-LOX increases with temperature until
35 °C but then a sudden drop was observed. In previous studies on the
temperature dependence of PA-LOX it was found that 25 °C was the op-
timal temperature of fatty acid oxygenation [13,20]. These data suggest
that our enzyme preparation is functionally more resistant against ele-
vated temperatures. The loss in activity above 35 °Cis likely to be due

S
S

activity (AA,, ,/min) =

to thermal denaturation and these activity data have not been consid-
ered for calculation of the activation energy. The activity data obtained
between 5 °C and 35 °C were employed to construct the Arrhenius-
plot (Fig. 2C) and from the slope of the linear regression curve an activa-
tion energy of 33.8 kJ/mol x K was calculated. Comparative experiments
for native rabbit ALOX15 under identical experimental conditions indi-
cated that thermal denaturation was already initiated at temperatures
above 25 °C and that the activation energy for this enzyme (calculated
for the temperature range between 5 °C and 25 °C) was significantly
lower (14.3 kJ/mol x K).

3.6. Substrate specificity for different polyenoic fatty acids

The ®-6 polyenoic fatty acids linoleic acid and arachidonic acid are
the dominating polyenoic fatty acids in mammalian cells. To explore
whether ®-3 or »-9 fatty acids are also oxygenated by PA-LOX we deter-
mined the relative oxygenation rate of different polyenoic fatty acids as
well as the structures of the major oxygenation products formed. From
Table 3 it can be seen that all ®-6 and ®-3 fatty acids are oxygenated
at the n-6th carbon atom regardless of the presence or absence of an ad-
ditional double bond in the methyl terminus of the fatty acid. In contrast,
the n-9 fatty acid C20:A5,8,11 was not well oxygenated. In fact, in our
standard spectro-photometric assay we were unable to record any in-
crease in absorbance at 235 nm and thus, no kinetic parameters could
be determined. However, when we analyzed the reaction products pre-
pared from a large scale incubation the corresponding 5-hydro(pero)xy
derivative was identified as major reaction product (Fig. 3A-C) as

0.2+ + glycerol
a
s - glycerol
T 1 1 1 1 1 1
2 4 6
time (days)
B c
£ o0s6- 4
£ 3
3
5“' 0.4= E 2.
g
= 3
:‘E 7 =11 H=338kimol
©
4] T T T T 1 1 1 1
10 20 30 40 3.3 3.5

temperature (°C)

temperature (1/K)

Fig. 2. Long-term stability and temperature profile of linoleic acid oxygenation by recombinant PA-LOX. A) Long-term stability: A solution of recombinant PA-LOX (16.7 mg/ml PBS) was
incubated in the presence and absence of 10% glycerol at 4 °C. Aliquots were taken at the time points, diluted and linoleic acid oxygenase activity was assayed spectro-photometrically at
room temperature in triplicate. B) Temperature profile: Linoleic acid oxygenase activity of purified recombinant PA-LOX was assayed spectro-photometrically at different temperatures in
triplicate. The initial rates of the kinetic progress curves were used to plot the temperature profile. C) Activation energy: The catalytic activities of recombinant PA-LOX from the
temperature profile in the range between 5 °C and 35 °C were taken to construct the Arrhenius plot. The activation energy was calculated from the slope of the linear regression curve.
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Table 3
Fatty acid oxygenase activity of PA-LOX with different polyenoic fatty acids.

Chain length Class Substrate fatty acid Rel. catalytic efficiency (%)

Position of oxygenation Most informative key ions in MS m/z (rel. abundance)

C18 -6 C18:A9,12 50
C18:A6,9,12 11
-3 C18:A9,12,15 11
C18:A6,9,12,15 6
20 ®-9 C20:A5,8,11 n.d.
-6 C20:A11,14 66
C20:A8,11,14 428
C20:A5,8,11,14 100
-3 C20:A8,11,14,17 39
C20:A5,8,11,14,17 6
22 -3 (€22:A4,7,10,13,16,19 367

n-6 (Cy3) na.

n-6 (Cq3) 173 (100), 367 (10.7) a-cleavage, 438 (0.1, M™)
n-6 (Cq3) 171 (84.1), 369 (8.8), a-cleavage, 438 (0.4, M™)
n-6 (Cy3) 171 (82.3), 367 (2.0), a-cleavage, 436 (0.2, M ™)
n-15 (Cs) 261 (100, a-cleavage), 466 (0.2, M™)

n-6 (Cys) 173 (100, a-cleavage), 468 (0.7, M™)

n-6 (Cys) 173 (100, a-cleavage), 466 (0.7, M™)

n-6 (Cys) 173 (90.9, a-cleavage), 464 (0.5, M)

n-6 (Cys) 171 (90.9, a-cleavage), 464 (0.2, M™)

n-6 (Cys) 171 (69.3, a-cleavage), 462 (0.4, M™)

n-6 (Cy7) 171 (48.0, a-cleavage), 488 (0.2, M)

n.a. - not analyzed, n.d. - undetectably low in the spectro-photometric assay.

indicated by the key ions at m/z 261 (relative abundance of 100%) and
the molecular ion at m/z 466 (relative abundance of 0.2%). Thus, with
a polyenoic fatty acid lacking the n-8th bisallylic methylene the enzyme
exhibits 5-lipoxygenating activity. However, the rate of 5-lipoxygenation
is much lower than that of 15-lipoxygenation of arachidonic acid. Among
the fatty acids tested, C20:A8,11,14 (»-6) and €22:A4,7,1,0,13,16,19 (-
3) (DHA) were most effectively oxygenated under our experimental
conditions whereas C20:A5,8,11,14,17(®-3) (EPA) was not a good sub-
strate. Among the C18 fatty acids linoleic acid turned out to be the best
substrate. Here the presence of an additional double bond impaired the
catalytic efficiency. Similar experiments were carried out in a previous
study [20] but different results on the substrate specificity of the en-
zymes were obtained. For instance, the most preferred substrate in the
Deschamps study was arachidonic acid (C20:A5,8,11,14). Linoleic acid
(C18:A9,12), eicosapentaenoic acid (C20:A5,8,11,14,17), docosahex-
aenoic acid (€22:A4,7,10,13,16,19) and di-homo-gamma-linoleic acid

A 261
=~ Qﬂs\/ COOTMS
g\/\/\

C20:A5,8,11
£ 5 15
c B C20:A8,11,14
a
N —— COOTMS
E 173
§ = \ rUTMS
- ) L\‘
S 5 15
< [C C22:A4,7,10,13,16,19

e COOTMS

retention time (min)

Fig. 3. Profile of oxygenation products formed from selected polyenoic fatty acids by
recombinant PA-LOX. Bacterial lysate supernatant PA-LOX (2-11 pg/ml) was incubated
in PBS with the different fatty acids as described in the legend of Table 2. The major
reaction products were prepared by RP-HPLC, silylated and further analyzed by GC/MS.
The indicative fragmentation pattern is given in the insets. A) C20:A5,8,11 (»-9), 11 pg;
B) C20:A8,11,14 (®-6), 5.5 pg; C) €22:A4,7,10,13,16,19 (®-3), 2.2 pg.

(C20:A8,11,14) were less effectively oxygenated. We found that among
the fatty acids tested di-homo-gamma-linoleic acid (C20:A8,11,14)
was the best substrate followed by docosahexaenoic acid (C22:
A4,7,10,13,16,19), arachidonic acid (C20:A5,8,11,14), linoleic acid
(C18:A9,12) and linolenic acid (C18:A6,9,12) and (C18:A9,12,15).
Eicosapentaenoic acid (C20:A5,8,11,14,17) was much less effectively
oxygenated under our experimental conditions. The reasons for these
conflicting results remain unclear but the different substrate concentra-
tions (10 pM in the Deschamps [20] study vs. 0.1 mM in our study) and
the differences in the assay conditions [20] (pH 7.0 vs. 7.4) may contrib-
ute. Interestingly, there were no major differences in the product pat-
terns indicating that the reaction specificity did not depend on the
variable assay conditions.

3.7. Leukotriene and lipoxin synthase activity

Rabbit ALOX15 exhibits a 14,15-epoxyleukotriene synthase activity
converting 15S-HpETE to 14,15-epoxyleukotriene A4 [31] and a lipoxin
synthase activity [32]. To test whether PA-LOX does also exhibit such
catalytic activities we first incubated the enzyme with low 15S-HpETE
concentrations and analyzed the conjugated trienes by RP-HPLC. As ref-
erence enzyme (positive control) pure native rabbit ALOX15 was used.
With the rabbit enzyme we observed the formation of significant
amounts of conjugated trienes (Fig. 4A). These compounds were not
formed with 15S-HETE suggesting their origin as double oxygenation
products. Thus, they should be formed via the 14,15-epoxy leukotriene
pathway. Interestingly, these products could only be detected in small
amounts if PA-LOX was used for the incubation under identical condi-
tions (Fig. 4A). This data is consistent with the results reported in a pre-
vious study [20] showing that 15-HpETE may not be a good substrate for
PA-LOX. Moreover, when we quantified the amounts of 15-H(p)ETE
that was not converted during the incubation period we found that
compared to non-enzyme control incubations most of the substrate
was recovered for PA-LOX. In contrast, with rabbit ALOX15 <10% of
the substrate was found. These data indicate that 15-HpETE was not
converted by PA-LOX.

Lipoxins are anti-inflammatory eicosanoids, which can be
biosynthesized via transcellular mechanisms involving various LOX-
isoforms [33,34]. To examine the lipoxin synthase activity of PA-LOX
we incubated the enzyme either with 55-HETE (Fig. 4B) or with a 1:1
mixture of 55,65- and 5S,6R-DiHETE (Fig. 4C), which constitute major
reaction products of the ALOX5 pathways. Then we analyzed the forma-
tion of conjugated tetraenes by recording the chromatogram at 300 nm.
As indicated in Fig. 4B + C PA-LOX formed a mixture of conjugated
tetraene isomers indicating its lipoxin synthase activity. It should, how-
ever, been stressed that quantitative evaluation of the chromatograms
indicated that the lipoxin synthase activity was 2.5-orders of magnitude
lower than arachdonic acid oxygenase activity. We added 2.5-fold more
enzyme and analyzed 260-fold lower amounts of products. In a previous
study [20] the authors concluded that PA-LOX does not exhibit a lipoxin
synthase activity, which conflicts with our HPLC analyses.
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Fig. 4. Leukotriene synthase and lipoxin synthase activity of PA-LOX. A) Leukotriene synthase activity: Purified PA-LOX (52 ug/ml) was incubated in PBS with 25 uM 15-HpETE for 10 min.
The reaction products were reduced with sodium borohydride and analyzed by RP-HPLC recording the absorbance at 270 nm. For comparison leukotriene formation by rabbit ALOX15
(similar arachidonic acid oxygenase activity) was analyzed. B + C) Lipoxin synthase activity: Purified PA-LOX (2 pg/ml) was incubated with in PBS with 30 uM of 5S-HETE (panel
B) and 5,6-DiHETE (panel C) for 10 min. The reaction products were reduced with sodium borohydride and analyzed by RP-HPLC recording the absorbance at 300 nm.

3.8. Phospholipid oxygenase activity

The previous crystal structure of PA-LOX revealed that a phospholip-
id molecule occupies the putative substrate-binding pocket [12] and re-
cent experiments with erythrocyte membranes indicated the capability
of PA-LOX to oxygenate membrane phospholipids and to destroy intact
red blood cells [19]. However, the efficiency of phospholipid oxygena-
tion has not been quantified and the structures of the oxygenation prod-
ucts have not been determined. To address these questions we
incubated PA-LOX and rabbit ALOX15 with different phospholipid prep-
arations and quantified the oxygenation efficiency analyzing the extent
of product formation within a 5 min incubation period. For this purpose,
we reduced the reaction products after the incubation period with boro-
hydride, extracted the lipids, hydrolyzed the phospholipids under

\
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Fig. 5. Product specificity of PA-LOX catalyzed oxygenation of 1-palmitoyl-2-linoleoyl-
phosphatidylethanolamine. Purified PA-LOX (50 pg/ml) was incubated in PBS with
165 UM of 1-palmitoyl-2-linoleoyl-phosphatidylethanolamine for 5 min in the presence
0.5% sodium cholate. The reaction products were reduced with sodium borohydride,
hydrolyzed under alkaline conditions and analyzed by RP-HPLC recording the
absorbance at 235 nm. B) The conjugated dienes were collected, the solvent was
evaporated and the remaining lipids were further analyzed by SP-HPLC. C) To obtain
information of the enantiomer composition the 13-HODE formed was purified by SP-
HPLC and analyzed by CP-HPLC.

alkaline conditions and quantified the conjugated dienes by RP-HPLC.
Fig. 5A shows that conjugated dienes, which co-migrated with authen-
tic standards of 13-HODE and 15-HETE (not separated under these con-
ditions) were formed. These products could not be detected when the
substrate was incubated in the absence of the LOX. Next, we prepared
the major conjugated dienes by RP-HPLC and further analyzed them
by SP-HPLC (Fig. 5B). Here we found that the majority of the conjugated
dienes co-migrated with authentic standards of 13-HODE(ZE). 9-HODE
(E,Z) and the corresponding all-E-isomers were only formed in small
amounts. Chiral phase HPLC (Fig. 5C) indicated a strong preponderance
of 13S-HODE. Taken together, these data indicate a specific phospholip-
id oxygenase activity of PA-LOX. In order to quantify this catalytic activ-
ity and to compare it with the phospholipid oxygenase activity of rabbit
ALOX15 we carried out comparative experiments of the two enzymes
with different phospholipid substrates and compared it with the linoleic
acid oxygenase activity of the two enzymes. The corresponding results
are summarized in Table 4 and the following conclusions can be
drawn: i) For both enzymes the linoleic acid oxygenase activity is
much higher than the phospholipid oxygenase activity. ii) When nor-
malized to a similar linoleic acid oxygenase activity rabbit ALOX15 ex-
hibits a higher phospholipid oxygenase activity than PA-LOX. iii)
Among the different phospholipids, phosphatidylethanolamine appears
to be the preferred substrate for both enzymes. iv) For all substrates
specific product patterns were analyzed indicating that the stereochem-
istry of the oxygenation reaction was tightly enzyme controlled. Only
for PS oxygenation by PA-LOX a relatively high share of unspecific oxy-
genation products are formed, suggesting incomplete enzyme control.

Table 4

Comparison of phospholipid oxygenase activity of PA-LOX and rabbit ALOX15. Aliquots of
native purified rabbit ALOX15 and recombinant PA-LOX (Ni-agarose elution fraction 2) were
incubated with the different phospholipids in PBS at room temperature for 15 min. The
phospholipid concentration were normalized to a linoleic acid content of 165 pM. The oxy-
genation products were reduced, the lipids were extracted and hydrolyzed under alkaline
conditions. 13-HODE was prepared by RP-HPLC and further analyzed by CP-HPLC.

Substrate PA-LOX Rabbit ALOX15
Rel. activity 135/13R-ratio Rel. activity 13S/13R-ratio
(%) (%) (%) (%)

Linoleic acid 100 99:1 100 95:5

PE 0.06 93:7 8.3 95:5

PS 0.04 64:36 <0.01 83:17

PI 0.05 95:5 0.5 88:12

PC 0.02 78:22 0.5 77:23
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Reaction specificity of LOX mutants with arachidonic acid. The mutants indicated were created, the proteins were expressed and aliquots of the Ni-agarose elution fraction 2 were incu-
bated with arachidonic acid for 5 min. The reaction products were prepared and analyzed by RP-HPLC. For comparison the literature data for rabALOX15 are given [22].

Determinant Rabbit ALOX15 PA-LOX
Mutant 12-HETE (%) 15-HETE (%) Mutant 12-HETE (%) 15-HETE (%)
Borngrdber | F353A 80 20 E369A 0 100
Sloane 1418A 92 8 M434V 0 100
Sloane M419A 12 88 F435L 0 100
Borngraber II 1593A 45 55 L612V 0 100
Jisaka [39]* D602Y + V603H 70" 30 EG04Y + K605H 0" 100
# Human ALOX15B.
* 8-HETE.

In an additional set of experiments we compared monolinoleoyl-PE
with a dilinoleoyl-PE as substrate for PA-LOX. Here we found that the
formation of 13S-HODE from dilinoleoyl-PE was 7.2 4+ 1.0-fold higher
suggesting that the dilinoleoyl derivative is a better substrate for this
enzyme. Taken together our experiments with phospholipids as LOX-
substrates indicate that PA-LOX exhibits a phospholipid oxygenase ac-
tivity, which is however, more then 3 orders of magnitude lower than
the linoleic acid oxygenase activity. In a previous study [20] the authors
suggested that PA-LOX does not exhibit a phospholipid oxygenase ac-
tivity. This conclusion conflicts with our HPLC analyses and with our
previous findings that pure PA-LOX in vitro induces lysis of red cells
[19]. Moreover, the capability of the enzyme to bind a phospholipid in
the crystal structure [12] provides a plausible explanation for the phos-
pholipid oxygenase activity of the enzyme. However, as observed for
the lipoxin synthase activity the phospholipid oxygenase activity is
much lower than the fatty acid oxygenase activity of the enzyme.

3.9. Mutagenesis studies of reaction specificity determinants

Mammalian ALOX15 orthologs follow the triad concept [22,35],
which explains the reaction specificity of these enzymes. Corresponding
mutagenesis studies on rabbit and human ALOX15 convert these en-
zymes into 12-lipoxygenating isoforms [22,36]. On the other hand, the
12-lipoxygenating ALOX15 isoforms of pigs [37], mice [38] and rhesus
monkeys [24] can be converted to 15-lipoxygenating enzyme species
by mutagenesis of the triad determinants. To test the applicability of
the triad concept for PA-LOX we performed multiple mutagenesis stud-
ies and tested the reaction specificity of the mutants. As indicated in
Table 5 neither of the mutants exhibited a major 12-lipoxygenating ac-
tivity and thus, the triad concept may not be applicable for PA-LOX.

PA-LOX shares a similar degree of amino acid conservation with
human ALOX15B (31.2% amino acid identity) as it does with human
ALOX15 (26.1% amino acid identity). Previous studies suggested that
the triad concept is not applicable to human ALOX15B [24]. Instead,
Asp603 and Val604 have been identified as sequence determinants of
human ALOX15B and simultaneous mutagenesis of these residues
(Asp603Tyr + Val604His) altered the reaction specificity of this enzyme
in favor of 8-lipoxygenation [39]. A sequence alignment of human
ALOX15B and PA-LOX indicated that in PA-LOX Glu604 and Lys605 oc-
cupy these positions. When we mutated these residues in PA-LOX
(Glu604Tyr + Lys605His) we did not observe major alterations in the
reaction specificity (Table 5). Thus, the enzyme does not follow this con-
cept either.

3.10. Crystal structures of PA-LOX

Three PA-LOX crystal structures have recently been solved at 1.75 A
resolution (wild-type; PDB entry 4G32; SG: P2,2,2), 2.0 A resolution
(wild-type; PDB entry 4G33, SG: (222;) [12] and 1.6 A resolution
(Gly188Glu mutant, PDB entry 4RPE, SG: C2). In all of these structures
a phosphatidylethanolamine molecule (ZPE) is bound at the active
site. The phosphate group of the endogenous ligand in the Gly188Glu
mutant differs somewhat from the crystal structure in space group

(222, due to the amino acid substitution at the entrance of the
substrate-binding pocket. When we crystallized our recombinant PA-
LOX we also obtained two different crystal forms and solved the corre-
sponding crystal structures at a resolution of 1.9 A (crystal form 1; PDB
entry 5IR5; SG: P2,2,2) and 1.48 A (crystal form 2; PDB entry 5IR4; SG:
(2221), respectively. Data collection and refinement statistics of our
crystallization studies are given in Table 6 and the main results can
briefly be summarized as follows: i) The overall structure (Fig. 6A-D)
indicates a single polypeptide monomer, which does not fold into the
classical two-domain structure of eukaryotic LOXs. ii) In all crystal struc-
tures the putative substrate-binding pocket involves a phosphatidyleth-
anolamine molecule (ZPE of the PDB nomenclature). This pocket
consists of three different parts (Fig. 6C + D). The two fatty acid moie-
ties of the phospholipid occupy two different subcavities. The sn1 fatty
acid arm is localized in the catalytic subcavity, which also contains the
catalytic non-heme iron. The sn2 fatty acid arm is localized in subcavity
2 and does not have direct access to the metal ion. In the “lobby” the
polar head group of the phospholipid is arrested. In the structure of
the crystal form 1 (SG: P2;2,2) the phosphate group interacts with
Arg422 via a hydrogen bond and the terminal amino group of the etha-
nolamine moiety forms a salt bridge with Asp190 (Fig. 7A/inset). iii) The
N-terminal p-barrel domain of eukaryotic LOX-isoforms is absent, but a
cluster of helices may function as lid structure covering the entrance
into the substrate binding pocket (Fig. 7A). iv) This lid is differently ori-
ented with respect to the catalytic domain (slight rotation by approxi-
mately 5°) in the two crystal forms suggesting a certain degree of
motional flexibility. v) In both crystal forms the catalytic center involves
the non-heme iron, which is monodentate ligated by three conserved
histidines (in PA-LOX: His377, His382, His555), Asn559, the C-
terminal 11e685 and a water molecule or a hydroxyl, which completes

Table 6
Data collection and refinement statistics of PA-LOX crystal structures.

PA-LOX, crystal form 1
PDB entry 5IR5

PA-LOX, crystal form 2
PDB entry 5IR4

Beamline

Number of crystals
Space group

Unit cell
(ab,c[Ala,p,y[]

Wavelength [A]

Resolution [A]

Rpim

Rmerge

l/o (1)

Completeness [%]
Redundancy

Rwork [%]

Rfree [%]

Ramachandran favoured [%]
Ramachandran allowed [%]
Ramachandran outlier [%]
RMSD superpose (LSQKAB)

ESRF; ID23-1
(Grenoble, France)
1

P2:2,2

133.09, 116.35, 42.72;
90.00, 90.00, 90.00
0.97242

43.8-1.9 (2.0-1.9)
0.034 (0.249)

0.065 (0.471)

13.1 (2.8)

99.6 (99.8)

44 (44)

144

182

94.2

58

0.0

0.118 (PDB entry 4G32)

ESRF; ID23-1
(Grenoble, France)
1

2224

83.74,97.39, 153.84;
90.00, 90.00, 90.00
0.97242

48.97-1.48 (1.56-1.48)
0.035 (0.355)

0.076 (0.774)

145 (2.0)

99.8 (99.0)

5.6 (5.6)

136

155

947

53

0.0

0.364 (PDB entry 4G33)
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Fig. 6. Crystal structures of PA-LOX with endogenous ligand at the active site. Overall structure of PA-LOX are shown as cartoon representations for the two different crystal forms
((A) crystal form 2, SG: C222;, PDB entry 5IR4, 1.48 A resolution, depicted in orange color and (B) crystal form 1, SG: P2,2,2, PDB entry 5IR5, 1.9 A resolution, depicted in blue color).
The endogenous ligand phosphatidylethanolamine is shown as sticks in green or yellow color as well as the active site iron atom is shown as sphere in blue and red color for the two
crystal forms, C222; and P2,2,2 respectively. In C (for crystal form 2) and D (for crystal form 1) surface representations of the substrate cavity with the bound endogenous ligand 1-
vaccenyl-2-palmitoyl phosphatidylethanolamine (ZPE) are depicted which illustrate the entrance for the substrate calculated with the program PyMOL and colored in grey. The sn1
fatty acid (probably vaccenic acid) is bound in subcavity 1, the sn2 fatty acid (myristoyl or palmitoyl acid) in subcavity 2 and the glycerol moiety including the polar head group

occupies the lobby.

the octahedral ligand sphere (Fig. 7B). Similar to the crystal structure of
human ALOX5 [15] one of the His ligands (His377 in PA-LOX) shows a
different stereochemical orientation when compared with the other
two His ligands [40]. For His377 the angle between the plane of the im-
idazole ring and the iron was >10°. In contrast, the corresponding angle
for the other His iron ligands (His382, His555) was close to 0°. A very
similar situation has been observed for human ALOX5 where the corre-
sponding His might function as mobile iron ligand, which has been

Lid —>
helices —

SG: P2,2,2

PDB entry 5IR5 PDB entry 5IR4

implicated in the catalytic cycle [40]. The water (hydroxyl), which is
in hydrogen bond distance to the iron (2.2 A), forms a hydrogen bridge
to the carboxylate oxygen of C-terminal 1le685 (Fig. 7B). The bottom of
subcavity 1 is sealed by the amino acids Glu373, Met374, Leu424, [le431,
Met434, Phe430, Phe435, GIn562, [le608 and Tyr609. The bottom of
subcavity 2 is surrounded by amino acids Ile117, Phe120, Val189,
Ala196, Ser197, 1le192, Leu193, Leu600, Leu603, Glu604 as well as
Phe430 and I11e608, which form a hydrophobic barrier between the

B

phosphatidyl

1685 ethanolamine

SG: €222,

o
a0 H.0

Fig. 7. Structural comparison of PA-LOX crystal structures. (A) Cartoon representation of the superimposed PA-LOX crystal structures in two different crystal forms (crystal form 1, P2,2:2,
depicted in blue color and crystal form 2, SG: (222, depicted in orange). Phosphatidylethanolamine (ZPE) shown as sticks in green (crystal form 2) or yellow (crystal form 1) color. The
active site iron depicted as sphere in red. Inset: Close-up view of substrate entrance site: The phosphatidylethanolamine head group is coordinated by D190 and R422 via hydrogen bonds
in crystal form 1 whereas in crystal form 2 the lid helical structure is shifted away (indicated by a yellow arrow) and the ligand head group has no interaction with R422 (indicated by a
black arrow). (B) The catalytic active site iron atom (shown as blue sphere) is coordinated by five amino acids (shown as sticks) and a water molecule (shown as cyan sphere).
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two subcavities. vi) When we superimposed the X-ray structures of the
two crystal forms (PDB entries 4G32/4G33) described in the literature
[12] with the crystallographic data obtained here we found a high de-
gree of similarity. In fact, except for minor structural differences in the
cavity the structures are virtually identical with a root-mean-square de-
viation (RMSD) of 0.12 and 0.36 for the crystal structures of the space
groups P2,2:2 and (2224, respectively.

3.11. Structural modeling of PA-LOX fatty acid complexes

The endogenous ligand (ZPE) does not carry a bisallylic methylene
and thus, is not a good oxygenation substrate. To explore the structural
basis for the stereo-selective hydrogen abstraction (Table 2) we
modeled the ligand structures of linoleic acid and arachidonic acid
into the PA-LOX crystal structures on the basis of the Fo-Fc electron den-
sity of the endogenous ligand (ZPE). Here we found (Fig. 8A) that
linoleic acid is oriented at the active site in such a way that the proS-
hydrogen atom at C11 of the linoleic acid backbone is localized in
close proximity (2.2 A) to the active site water (hydroxyl). In contrast,
the proR-hydrogen is more distant (3.7 A) and this data is consistent
with preferential abstraction of the proS-hydrogen during PA-LOX cata-
lyzed linoleic acid oxygenation (Table 2). The methyl tail of arachidonic
acid (Fig. 8B) is similarly aligned at the active site as that of linoleic acid
so that the proS-hydrogen at C13 is located in close proximity (2.3 A) to
the active site water (hydroxyl). The alignment is consistent with the
observed 15S-lipoxygenating activity of the enzyme (Fig. 1). 5,8,11-
eicosatrienoic acid is not a good substrate for PA-LOX (Table 3). When
we modeled the structure of the enzyme-fatty acid complex (Fig. 8C)
we found a very similar orientation of the methyl terminus of the sub-
strate fatty acid as for linoleic acid and arachidonic acid. The two
bisallylic methylenes of 5,8,11-eicosatrienoic (C10, C7) are far distant
from the active site water molecule and for the C10 hydrogens the fol-
lowing distances have been determined: C10-proS - 5.7 A, C10-proR -
5.5 A. Thus, the two C10-hydrogens are >5 A apart from the active site
water so that abstraction of either of them is unlikely. This conclusion
is consistent with our observation that 5,8,11-eicosatrienoic acid is not
a suitable substrate for PA-LOX.

4. Discussion

LOX-isoforms have been identified in two of the three domains of
terrestrial life but apparently do not occur in archaea and viruses [4].
In bacteria, LOX rarely occur (<0.5% of all bacteria contain putative
lipoxygenase sequences) but certain bacteria including Pseudomonas

aeruginosa have acquired such sequences via horizontal gene transfer
[41] and have retained them as functional genes for millions of years.
Thus, there appears to be an evolutionary pressure on these sequences
preventing inactivating mutations.

Although PA-LOX has been discovered >10 years ago [6] its biologi-
cal role remains to be explored. Since bacteria do not carry large
amounts of polyenoic fatty acids the major substrates for the secreted
enzyme should come from the host cells. On the basis of the currently
available data three different mechanistic scenarios for the biological
relevance of PA-LOX may be discussed: i) Role of PA-LOX in biofilm for-
mation. In vitro cell culture experiments recently suggested that PA-LOX
is required for biofilm formation when Pseudomonas aeruginosa inter-
acts with host cells [20]. In contrast, the enzyme was not essential for
biofilm formation in abiotic in vitro systems. Although the authors sug-
gest that expression of PA-LOX might alter lipid signaling during host
cell pathogen interaction, which may impact biofilm formation, the mo-
lecular basis for these observations remain to be clarified. It remains to
be worked out, which PA-LOX products are responsible for triggering
biofilm formation and how exactly the triggering process proceeds. ii)
Role of PA-LOX in PA infectiousness and invasiveness: Introduction of
PA-LOX into the PA genome might have improved the invasiveness of
the bacteria to make them more infectious [6]. Our finding that the en-
zyme is capable of oxygenating membrane phospholipids (Table 4) sup-
ports this hypothesis. Moreover, the ability of the enzyme to induce
hemolysis when incubated in vitro with human red blood cells [19] is
also consistent with this hypothesis. iii) Role of PA-LOX in bacterial eva-
sion to silence the host immune response: PA infections induce an im-
mune response in the host to counteract bacterial multiplication.
Secretion of PA-LOX and its catalytic activity outside the bacteria
might be part of an evasion strategy aimed at downregulating the host
immune response to prolong bacterial life and to enable more rapid
multiplication. LOXs have been implicated in the biosynthesis of pro-
[42] and anti-inflammatory mediators [43]. To test whether PA-LOX
might be involved in the biosynthesis of pro-inflammatory mediators,
which are likely to upregulate the host immune response, we deter-
mined the leukotriene synthase [31] activity of this enzyme. In compar-
ison with rabbit ALOX15 we found that PA-LOX does not exhibit major
leukotriene synthase activity (Fig. 4). Next, we tested the capacity of PA-
LOX for the biosynthesis of anti-inflammatory lipoxins. Since lipoxins
are synthesized in vivo by transcellular mechanisms involving arachi-
donic acid 5- and 12/15-lipoxygenating enzymes [44] we incubated
pure PA-LOX with 5S-HETE (arachidonic acid oxygenation product)
and 5S,65/R-DiHETE (LTA4-hydrolysis products), two major products
of the ALOX5 pathways. Here we found that when normalized to similar

linoleic
acid

Ha77

H382 58,11-
_eicosatrieneoic
acid

arachidonic
acid

Fig. 8. Structural models of PA-LOX substrate complexes. The enzyme-substrate complexes were modeled on the basis of the X-ray structure coordinates of the PA-LOX
phosphatidylethanolamine complex as described in Materials and methods. The active site amino acids and the ligand are shown as sticks and the protein is depicted as orange
cartoon. The iron atom and water molecule are illustrated as spheres in blue and cyan, respectively. (A) PA-LOX-linoleic acid complex model: Linoleic acid was modeled into the
position of the endogenous ligand. (B) PA-LOX-arachidonic acid complex model: Arachidonic acid was modeled into the position of the endogenous ligand. (C) PA-LOX-5,8,11-
eicosatrienoic acid complex model: 5,8,11-eicosatrienoic acid is modeled into the position of the endogenous ligand. The hydrogens at the bisallylic methylenes (C10, C7) have larger

distances to the active site water, which explains the low oxygenation rate.
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arachidonic acid oxygenase activity PA-LOX and rabbit ALOX15 exhibit
similar lipoxin synthase activities. These data suggest that PA-LOX
might constitute part of an evasion strategy of the bacteria to silence
the inflammatory host reaction.

When our manuscript was in the review process Deschamps and co-
workers [20] reported that a recombinant version of PA-LOX does nei-
ther exhibit phospholipid oxygenase nor lipoxin synthase activity. This
conclusion was mainly based on kinetic in vitro data and on the observa-
tion that at enzyme concentrations, which are sufficient for polyenoic
fatty oxygenation, phospholipid oxygenase activity and lipoxin syn-
thase activity are virtually indetectable. In contrast, at higher enzyme
concentrations we were able to show that in principle PA-LOX exhibits
both, phospholipid oxygenase and lipoxin synthase activity. However,
the biologically most important question that needs to be answered in
the future is whether the high enzyme concentrations required for
phospholipid oxygenation and lipoxin formation are actually reached
in vivo. Moreover, it remains to be explored whether red blood cells pre-
pared from patients suffering from P. aeruginosa sepsis contain specific
PA-LOX-related phospholipid oxygenation products in their membrane
lipids as it was shown after in vitro incubation of pure PA-LOX with
human red blood cells [19]. These questions can hardly be answered
on the basis of the currently available experimental data. Local enzyme
concentrations have not been quantified so far in any P. aeruginosa
in vivo infection model and there are no literature data on local PA-
LOX concentrations in human disease. The availability of specific anti-
bodies against this enzyme may help to answer these questions in the
future.

Another possible reason for the partly conflicting enzyme character-
istics (different substrate specificity, different pH and temperature de-
pendence) reported here and in the previous study [20] may be the
different protein chemical properties of the enzyme. Our enzyme prep-
aration migrated in SDS-PAGE at a molecular weight of 70 kDa. In the
other study [20] a molecular weight of 76 kDa was determined. This dif-
ference in molecular mass may be related to the fact that during con-
struction of the expression plasmid 29 additional amino acid have
been introduced between the his tag and the native PA-LOX sequence.
In our expression system this artificial sequence was kept to a minimum
(11 amino acids). In other words, the two enzymes are not identical and
the differences in protein chemistry might contribute to the functional
differences observed in the two studies. The only way to sort this out
is to compare the functional enzyme characteristics in side-by-side
experiments.

When PA-LOX was purified from the periplasm of native bacteria it
was reported to exhibit major oleic acid oxygenase activity [14] and a
similar catalytic activity was later on reported for the recombinant en-
zyme [45]. Thus, in the databases this enzyme is frequently referred to
asoleic acid 10-lipoxygenase. We carried out oxygraphic measurements
with the pure recombinant PA-LOX but did not detect major oleic acid
oxygenase activity. In fact, when we compared the oxygen uptake in
the presence of linoleic acid and oleic acid we hardly detected any oxy-
gen consumption with oleic acid. We are well aware of the fact that
oxygraphic measurements are not very sensitive to completely exclude
an oleic acid oxygenase activity of the enzyme but in our hand PA-LOX
as mammalian LOXs strongly prefers polyenoic fatty acids over
Monoenoic ones.

In our PA-LOX crystal structure the two fatty acid residues of the
bound phosphatidylethanolamine occupy two different subcavities.
The sn1 fatty acid is buried in the catalytic cavity (sn1 cavity), which in-
volves the catalytic non-heme iron. The sn2 fatty acid is located in sn2
cavity and has no access to the iron. The polar head group of the phos-
pholipid is surface exposed and forms 2 ionic bonds with charged sur-
face amino acids. Its phosphate group interacts with Arg422 and the
terminal amino group of the ethanolamine moiety forms a salt bridge
with Asp190. These interactions, which have also been observed in the
previous 1.75 A structure [12], arrest the phospholipid molecule at the
active site of the enzyme. Thus, from the structural point of view it

seems unlikely that the sn2 fatty acid can occupy the catalytic cavity
(subcavity 1). However, in mammalian membrane phospholipids poly-
unsaturated fatty acid are overwhelmingly bound at the sn2 position
whereas saturated fatty acids are usually localized at the sn1 position.
When we compared the phospholipid oxygenase activity of PA-LOX
with 1-palmitoyl,2-linoleyl phosphatidylethanolamine with that of 1-
linoleoyl,2-linoleoyl phosphatidylethanolamine we found that the lat-
ter phospholipid is much more effectively oxygenated by PA-LOX than
the former one. This data is consistent with preferential binding of the
sn1 fatty acid in the catalytic cavity. However, it remains to be worked
out by docking studies or co-crystallization experiments whether the
binding of other phospholipids (PC, PI, PS) is less selective so that the
two fatty acid moieties may randomly be bound in the two sub-pockets.

List of non-standard abbreviations

PA Pseudomonas aeruginosa

LOX lipoxygenase

12S-H(p)ETE 12S-hydro(pero)xy-5Z,8Z,10E,14Z-eicosatetraenoic acid
15S-H(p)ETE 15S-hydro(pero)xy-5Z,8Z,11Z,13E-eicosatetraenoic acid
13S-HODE 13S-hydro(pero)xy-9Z,11E-octadecadienoic acid

9S-HODE 9S-hydro(pero)xy-10E,12Z-octadecadienoic acid

LTA4 leukotriene A4

BSTFA  N,O-Bis(trimethylsilyl)trifluoroacetamide
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1. Supplementary methodological information

Data collection and structure analysis - Diffraction data were collected at 100 K using
synchrotron X-ray sources from BESSY Il (Berlin, Germany) (1) and ESRF (Grenoble,
France). The best diffraction datasets of both PA-LOX crystal forms were collected at
synchrotron beamline ID23-1 (2) at ESRF with a Pilatus 6M-F detector at 0.972 nm
wavelength. The data collection and strategy software packages MxCuBE (3) and EDNA (4)

were used. The data collection of the first crystal form (needle shape — crystal form 1) was
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performed with a crystal-to-detector distance of 284 mm and a rotation increment of 0.1° with
0.04 s exposure time for each frame (1200 images). 1500 images of the second crystal form
(plate shape — crystal form 2) were collected with a crystal-to-detector distance of 215 mm
and a rotation increment of 0.1° with an exposure time of 0.04 s for each frame. The images
of each data set were indexed, integrated and scaled using the XDS (5) program package
and the CCP4 program SCALA (6, 7).The crystal form 1 belongs to the orthorhombic space
group P2;2,2 (approximately unit cell constants: a = 133.09 A, b =116.35A, c=42.72 A a =
B = y=90.00°). The crystal form 2 belongs to the orthorhombic space group C222, (a = 83.74
A b=9739 A c=153.84 A a = = y= 90.00°). Table 5 summarizes the statistics for
crystallographic data collection and structural refinement. Initial phases for both crystal forms
of wild-type PA-LOX were obtained by the conventional molecular replacement protocol
(rotation, translation, rigid-body fitting) using the crystal structure of the phospholipid-
lipoxygenase complex from Pseudomonas aeruginosa (PDB entry 4G32) as initial search
model, which was used in the program Phaser (8) of the CCP4 software package (6). A
simulated-annealing procedure with the resulting models were performed using a slow-
cooling protocol and a maximum likelihood target function, energy minimization and B-factor
refinements by the program PHENIX (9), which were carried out in the resolution range of
43.80 — 1.90 A for the crystal form 1 and 48.97 — 1.48 A for the crystal form 2, respectively.
After the first round of refinements, phospholipid substrates in the ligand-binding pockets
were clearly visible in the electron density of both oa-weighted 2Fo-Fc maps, as well as in
the oa-weighted simulated annealing omitted density maps for both crystal forms of PA-LOX.
Both PA-LOX crystal forms were modeled with TLS refinement (TLS - for Translation,
Libration (small movements) and Screw-rotation of a group of atoms) using anisotropic
temperature factors for all atom (10). Restrained, individual B-factors were refined, and the
crystal structure was finalized by the CCP4 program REFMACS5 (11) and other programs of
the CCP4 suite (6). The final model has agreement factors Rsee and Reryst Of 18.2 % and 14.4
%, for wild-type PA-LOX crystal form 1 and 15.5 % and 13.6 %, for wild-type PA-LOX crystal
form 2, respectively. Manual rebuilding of the wild-type PA-LOX crystal form 1 and 2 models
and electron density interpretation were performed after each refinement cycle using the
program COOT (12). Structure validation was performed with the programs PHENIX (9),
RCSB PDB Validation server (13), MolProbity (14), SFCHECK (15), PROCHECK (16),
WHAT_CHECK (17) and RAMPAGE (18). All crystal structure superpositions of backbone a-
carbon traces were performed using the CCP4 program LSQKAB (6). All molecular graphics

representations in this work were created using the PyMol software package.



2. Supplementary experimental data

To analyze the oxygenation kinetics of arachidonic acid and linoleic acid by pure PA-
LOX we carried out detailed kinetic measurements. For this purpose pure PA-LOX was
incubated with arachidonic acid and linoleic acid at 5 different substrate concentrations (10
MM, 20 pM, 50 pM, 100 pM, 165 pM) in PBS (pH 7.4) in the absence of any detergent and
the increase in absorbance at 235 nm were recorded. Double readings were taken for each
substrate concentration and the means * standard errors were calculated. The means were
subsequently used to construct Lineweaver-Burk diagrams and from these diagrams the
basic kinetic constants Km and Vmax were extracted. These parameters were then used to

calculate the kcat/Km ratio, which mirrors the catalytic efficiency with the two substrates.

Lineweaver-Burk Plot of PA-LOX with
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FigS1. Lineweaver-Burk plot of linoleic acid oxygenation by pure PA-LOX. Pure PA-
LOX (2.1 pg/ml) was incubated in PBS (pH 7.4) in the presence of different substrate
concentrations (10 pM, 20 uM, 50 uM, 100 uM, 165 uM) and the increase in absorbance at
235 nm was followed spectrophotometrically (double readings). From the experimental raw
data the means of the rates were calculated and these values were used to construct the

Lineweaver-Burk diagram.
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FigS2. Lineweaver-Burk plot of arachidonic acid oxygenation by pure PA-LOX. Pure
PA-LOX (2.1 pg/ml) was incubated in PBS (pH 7.4) in the presence of different substrate
concentrations (10 uM, 20 uM, 50 uM, 100 uM, 165 pM) and the increase in absorbance at
235 nm was followed spectrophotometrically (double readings). From the experimental raw
data the means of the rates were calculated and these values were used to construct the

Lineweaver-Burk diagram.
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FigS3. Impact of detergents (sodium cholate) on linoleic acid oxygenation by PA-LOX.
Pure PA-LOX (0.4 ug/ml) was incubated with linoleic acid in PBS (pH 7.4) in the presence
(0.02 %) or absence of sodium deoxycholate at two different (80 uM, 1605 uM) substrate

concentrations. The increase in absorbance at 235 nm was recorded spectrophotometrically



(double readings). From the experimental raw data the means of the rates were calculated

and these values were used to construct the Lineweaver-Burk diagram. In the presence of

detergents the oxygenation rate was significantly higher.
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ARTICLE INFO ABSTRACT
Article history: Secreted LOX from Pseudomonas aeruginosa (PA-LOX) has previously been identified as arachidonic acid 15S-
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lipoxygenating enzyme. Here we report that the substitution of Ala420Gly in PA-LOX leads to an enzyme variant
with pronounced dual specificity favoring arachidonic acid 11R-oxygenation. When compared with other LOX-
isoforms the molecular oxygen affinity of wild-type PA-LOX is 1-2 orders of magnitude lower (Km O, of
0.4 mM) but Ala420Gly exchange improved the molecular oxygen affinity (Km O, of 0.2 mM). Experiments
with stereo-specifically deuterated linoleic acid indicated that the formation of both 13S- and 9R-HpODE involves
abstraction of the proS-hydrogen from C11 of the fatty acid backbone. To explore the structural basis for the ob-
served functional changes (altered specificity, improved molecular oxygen affinity) we solved the crystal struc-
ture of the Ala420Gly mutant of PA-LOX at 1.8 A resolution and compared it with the wild-type enzyme.
Modeling of fatty acid alignment at the catalytic center suggested that in the wild-type enzyme dioxygen is di-
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Catalysis rected to C15 of arachidonic acid by a protein tunnel, which interconnects the catalytic center with the protein
surface. Ala420Gly exchange redirects intra-enzyme O, diffusion by bifurcating this tunnel so that C11 of arachi-
donic acid also becomes accessible for O, insertion.

© 2017 Elsevier B.V. All rights reserved.
1. Introduction [14]. In bacteria they have also been detected [15,16] but in this king-

Transport of reactants from the protein surrounding to the active site
or between multiple catalytic centers within a single protein via pre-
formed protein tunnels has been reported for many enzymes
including oxidoreductases [1-4]. Lipoxygenases (LOX) form a
heterogeneous family of fatty acid dioxygenases [5-7], which have
been implicated in cell differentiation but also play important roles in
the pathogenesis of many major diseases, such as inflammation, cancer
and atherosclerosis [8-13]. LOX genes are widely distributed in animals
and plants but they also occur in algae, fungi, protozoa and metazoan
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dom of terrestrial life they are present at much lower frequency [14].
The first bacterial LOX was identified in the facultative human pathogen
Pseudomonas aeruginosa [15,17]. P. aeruginosa LOX (PA-LOX) exhibits a
phospholipid oxygenase activity and destroys red blood cells when in-
cubated with these cells in vitro [18]. The initial crystal structure of
wild-type PA-LOX [7] revealed remarkable differences to eukaryotic
LOX-isoforms. For most eukaryotic LOXs a two-domain structure has
been identified [19-22] but for PA-LOX the polypeptide chain folds
into a single domain [7,23]. There is, however, a helical lid structure in
PA-LOX, which might constitute the functional equivalent of the N-ter-
minal B-barrel domains of mammalian LOX-isoforms [7,23]. A second
interesting structural peculiarity of PA-LOX is that the enzyme crystal-
lized from recombinant sources carries an endogenous phosphatidyl-
ethanolamine ligand at the active site. The two fatty acid moieties of
this endogenous ligand occupy two different sub-cavities. The cavity
containing the sn1 fatty acid harbors the non-heme iron [7,23] and
thus, this cavity is likely to bind the fatty acid substrate during the
LOX reaction.

In general, the LOX-reaction consists of four elementary steps [5,24]
and the reaction cascade is initiated by a stereo-selective hydrogen
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abstraction from a bisallylic methylene of the fatty acid substrate. This
initial elementary reaction proceeds via coupled proton-electron
tunneling [25,26] and leads to the formation of a carbon-centered fatty
acid radical. Different LOX-isoforms exhibit different reaction specificities
[4-6] but most mammalian LOX-isoforms function as S-LOXSs, i.e. they
convert polyenoic fatty acids to S-configured hydroperoxides. However,
mammalian ALOX12B orthologs [27,28] and various LOX-isoforms from
lower eukaryotes [29-31] have been identified as R-LOXs. Most S-LOXs
carry an alanine at a critical position of their primary structure, but R-
lipoxygenases have a glycine at this position [32]. Ala-to-Gly exchange
in human ALOX15B transformed this enzyme from an arachidonate
15S- to an 11R-lipoxygenating enzyme. Similarly, mouse Alox15b can
be converted from an 8S- to 12R-lipoxygenating protein [32] when a
similar mutagenesis strategy was applied. Although the structural basis
for these alterations has not directly been explored it has been suggested
that the Ala side chain in 15S-lipoxygenating enzymes may prevent O,
diffusion to the 11R-position [33,34]. More recently, detailed kinetic
investigations have been carried out with wild-type and mutant soybean
LOX1 [35]. The molecular oxygen affinity data obtained for the different
LOX variants suggested that outside the Ala-vs-Gly concept site-directed
mutagenesis may lead to closure (Ile553Trp) and/or opening
(Leu496Trp) of preformed O, access tunnels, which alters the catalytic
activity and the reaction specificity of the corresponding mutants.
However, in neither of these studies direct structural data have been
provided, which explain the observed functional alterations.

For most LOXs characterized so far their enantioselectivity can be
described by the Ala-vs-Gly concept [33] and corresponding amino
acid exchanges altered the reaction specificity of a number of S-
LOXs [36]. However, this was not the case for zebrafish LOX-1. This
arachidonic acid 12S-lipoxygenating enzyme carries a Gly at this
critical position [37], which qualifies this enzyme as R-LOX according
to the Ala-vs-Gly hypothesis [33]. This data challenges the
applicability of the Ala-vs-Gly concept for all LOX-isoforms. To test
the applicability of this concept for PA-LOX and to explore the
structural basis for the possible specificity alterations we expressed
and purified the Ala420Gly mutant of PA-LOX and solved its crystal
structure at 1.8 A resolution. Comparing the 3D-structure of wild-
type and mutant PA-LOX we found that the Ala420Gly substitution
induced 2-fold improved molecular oxygen affinity and a dual
reaction specificity converting arachidonic acid to almost equal
amounts of 15S- and 11R-HETE. Structural modeling of the
enzyme-substrate complex suggested that the Ala420Gly exchange
bifurcates the putative O, access tunnel so that 11R-lipoxygenation
becomes possible in addition to 15S-HpETE formation.

2. Materials and methods
2.1. Chemicals

The chemicals were obtained from the following sources: arachi-
donic acid and linoleic acid from Sigma (Taufkirchen, Germany);
HPLC standards of 11(+)-HETE, 11S-HETE, 15(+)-HETE, 15S-HETE,
13S-HODE, 13(+)-HODE 9( +)-HODE and 9S-HODE from Cayman
Chem. (distributed by Biomol, Hamburg, Germany); sodium borohy-
dride from Life Technologies, Inc. (Eggenstein, Germany); HPLC sol-
vents from Baker (Deventer, The Netherlands); antibiotics and
isopropyl-pB-thiogalactopyranoside (IPTG) from Carl Roth GmbH
(Karlsruhe, Germany); restriction enzymes from Thermo Fisher Sci-
entific-Fermentas (Schwerte, Germany); the E. coli strain BL21
(DE3) from Invitrogen (Carlsbad, USA). Oligonucleotide synthesis
was performed at BioTez (Berlin, Germany). Nucleic acid sequencing
was carried out at Eurofins MWG Operon (Ebersberg, Germany).
[11(R)-2H] linoleic acid (proR; 24% deuterated) and [11(S)-2H]
linoleic acid (proS; 98% deuterated) were prepared as described
previously [38,39].

2.2. Protein expression and purification

The prokaryotic expression plasmid pET28a(+) containing the
coding sequence of PA-LOX was kindly provided by Prof. Xavi Carpena
(Institut de Biologia Molecular, Parc Cientific de Barcelona, Barcelona,
Spain). The plasmid was amplified in E. coli XL-1 Blue cells and plasmid
DNA was extracted using the MIDI-preparation kit (Macherey-Nagel,
Diiren, Germany). The PA-LOX was expressed in E. coli employing the
Enpresso B kit (BioSilta Ltd., St. Ives, Great Britain) and the recombinant
his-tag fusion protein was purified to apparent electrophoretic homoge-
neity by affinity chromatography on Ni-NTA (Machery Nagel, Diiren,
Germany). In detail, the expression strategy involved the following
steps: Competent E. coli BL21 (DE3) cells were transformed with the
pET28-PA-LOX plasmid and grown on kanamycin containing agar
plates. A 2 ml bacterial preculture (LB medium with 50 pg/ml kanamy-
cin) was inoculated and grown at 37 °C overnight. This pre-culture was
then added to a 50 ml main culture as recommended by the supplier.
The main culture was grown overnight at 30 °C and the culture was con-
tinuously shaken at 250 rpm in Ultra Yield flasks (BioSilta Ltd., St. Ives,
Great Britain). Expression of the recombinant enzyme was induced by
adding 1 mM (final concentration) IPTG to the main culture and after-
wards the culture was incubated over night at 25 °C and 250 rpm. Bac-
teria were harvested by centrifugation and the resulting pellet was
reconstituted in 5 ml PBS. Bacteria were lysed by sonication (digital
sonifier, W-250D Microtip Max 70% Amp, Model 102C (CE); Branson
Ultraschall, Fiirth, Germany), cell debris was removed by centrifugation
and the lysate supernatant was employed for further enzyme purifica-
tion by affinity chromatography.

For affinity chromatography, the lysate supernatant was incubated
for 1 h at 4 °C with 0.5 ml of Protino Ni-NTAagarose suspension
(Machery Nagel, Diiren, Germany). The gel beads were then transferred
to an open bed chromatography column (Bio-Rad, Munich, Germany).
To remove unspecifically bound proteins, the column was first eluted
thrice with 0.8 ml washing buffer containing 10 mM imidazole. Next,
the column was washed thrice with 0.8 ml elution buffer 1 containing
25 mM imidazole to elute more tightly bound proteins. Finally, the his-
tidine-tagged (his-tag) fusion proteins were eluted by rinsing the col-
umn seven times with 0.3 ml of elution buffer 2 containing 200 mM
imidazole. The majority of the PA-LOX was recovered in the elution frac-
tions 1, 2 and 3 (200 mM imidazole).

2.3. Site-directed mutagenesis

Site-directed mutagenesis was performed using the Pfu Ultra II
Hotstart 2XPCR Mastermix (Agilent Technologies, California, USA).
Upon identifying the corresponding amino acids that need to be ex-
changed in the wild-type PA-LOX, the primers were designed and or-
dered according to the instructions of the manufacturer. The PCR
reaction contained the template DNA, primers for the mutant and 2-
fold concentrated Pfu Master-Mix. The his-tagged PA-LOX wild-type
plasmid in pET-28a(+ ) was used as the template. The parental template
DNA is then digested with Fast Digest Dpn 1 (Thermo Fischer Scientific,
Massachusetts, USA). The PCR mix was then transformed into E. coli
XL1-Blue competent cells (Invitrogen, California, USA) and plated onto
kanamycin agar plates. 5-10 clones were picked and plasmid DNA
was prepared using NucleoSpin Plasmid Easy Pure (Macherey-Nagel,
Diiren, Germany). Nucleotide sequencing (Eurofins Genomics,
Ebersberg, Germany) confirmed the sequences of the mutant plasmid
clones.

2.4. Fatty acid oxygenase activity assays

Linoleic acid and arachidonic acid oxygenase activities of wild-type
and mutant PA-LOX were quantified spectrophotometrically using a
Shimadzu UV-2102 PC spectrophotometer (Shimadzu, Duisburg, Ger-
many). These measurements were routinely carried out to quantify
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the molecular turnover rates for linoleic acid and arachidonic acid oxy-
genation for the different enzyme preparations. For this purpose, ali-
quots of the PA-LOX enzyme preparations were incubated in 1 ml of
PBS containing different concentrations of linoleic acid or arachidonic
acid as substrates. After the incubation period (2-5 min) the
hydroperoxy compounds formed were reduced with sodium borohy-
dride and after acidification 1 ml of ice-cold methanol was added. The
protein precipitate was spun down and aliquots of the clear supernatant
were injected to RP-HPLC for identification and quantification of the ox-
ygenation products.

2.5. Activity measurements under normoxic and hyperoxic conditions

To determine the molecular oxygen affinity of wild-type PA-LOX and
its Ala420Gly mutant we mixed variable volumes of hyperoxic PBS (O,
saturated) with anaerobic PBS (argon saturated). For this purpose,
50 ml PBS was flushed for 3 h with pure oxygen or pure argon. Next, a
photometric cuvette was filled with argon gas and aliquots of anaerobic
PBS (0-2 ml) were added under argon atmosphere. The cuvette was
closed with a plastic stopper containing two capillary holes to add addi-
tives. Then different aliquots of hyperoxic PBS (O, saturated) were
added so that a final reaction volume of 2 ml was reached. Next, 10 pl
of a methanolic solution of arachidonic acid was added and the reaction
was started with 2 pl partially anaerobized enzyme solution. The in-
crease in absorbance at 235 nm was assayed and the linear part of the
kinetic progress curve was evaluated.

2.6. Determination of Km O,

The relation between enzyme activity and dioxygen concentration
was modeled according to the Hill equation

_ Vmaxozn
Sos" 4+ 05"’

where V.« is the maximal catalytic activity at O, saturation, Sg 5 the
half-saturation concentration of dioxygen at which half-maximal rate
is reached and the coefficient n takes into account positive cooperativity
reflected by a sigmoidal shape of the activity-oxygen relationship. Mean
values and variances of the three kinetic parameters were determined
by a bootstrap procedure. Restricted data sets were generated by
assigning to each dioxygen concentration randomly a single activity
measurement selected from the set of repetitive measurements. Nu-
merical values for the kinetic parameters were estimated by fitting the
model to the randomly chosen restricted data set by least-square mini-
mization. The bootstrap trials were repeated 50 times and based on the
50 bootstrap sets the parameter values (mean 4 variances) were
calculated.

2.7. Mass spectrometry analysis of the reaction products from stereo-specif-
ically labeled linoleic acid

In order to determine the enrichment of deuterium in the linoleic
acid-derived oxygenation products, 13S-HODE (wild-type enzyme and
Ala420Gly mutant) and 9R-HODE (Ala420Gly mutant) were prepared
by reduction of the corresponding hydroperoxides and isolated by a
combined RP-, SP- and CP-HPLC strategy. The methyl-esterified and
trimethylsilylated materials were analyzed by GC/MS using a Hewlett
Packard model 5970B mass selective detector connected to a Hewlett-
Packard model 5890 gas chromatograph equipped with a 5%
phenylmethylsiloxane capillary column (length, 12 m; film thickness,
0.33 mm). The injector and ion source temperatures were both set at
200 °C, and the oven temperature was raised from 120 °C at a rate of
10 °C/min. The instrument was operated in the selected ion monitoring
mode using the ions m/z 311.2
[Me;Si0O=CH—CH=CH—CH=CH—(CH,)7-COOCH5] and 312.2. The

integrated ion abundances were used to calculate the deuterium enrich-
ments, setting the original deuterium content in the substrate molecule
100%.

2.8. HPLC analytics

HPLC analysis of the LOX products was performed on a Shimadzu in-
strument equipped with a Hewlett-Packard diode array detector 1040 A
by recording the absorbance at 235 nm. Reverse phase-HPLC was car-
ried out on a Nucleodur C18 Gravity column (Marchery-Nagel, Diiren,
Germany; 250 x 4 mm, 5 um particle size) coupled with a guard column
(8 x 4 mm, 5 um particle size). A solvent system of methanol/water/
acetic acid (85/15/0.1, by volume) was used at a flow rate of
1 ml/min. Normal phase-HPLC (SP-HPLC) was performed on a Nucleosil
100-5 column (250 x 4 mm, 5 um particle size) with the solvent system
n-hexane/2-propanol/acetic acid (100/2/0.1, by volume) and a flow rate
of 1 ml/min. Hydroxy fatty acid enantiomers (15-HETE, 13-HODE) were
separated by chiral phase HPLC (CP-HPLC) on a Chiralcel OD column
(Daicel Chem. Ind., Ltd., Osaka, Japan) using a solvent system consisting
of hexane/2-propanol/acetic acid (100/5/0.1, by volume) and a flow rate
of 1 ml/min. To separate the enantiomers of 11(R/S)-HETE the reaction
products were prepared by RP-HPLC, methylated with diazomethane,
re-purified on SP-HPLC and finally analyzed on a Chiralcel OD column
using the solvent system hexane/2-propanol/acetic acid (100/4/0.1, by
volume) and a flow rate of 1 ml/min.

2.9. Crystallization

Purified Ala420Gly mutant was crystallized with the sitting-drop va-
pour diffusion method in 24-well Linbro plates (Jena Biosciences, Jena,
Germany) at a protein concentration of about 15 mg/ml at 293 K. The
reservoir solution contained 12% polyethylene glycol 3350, 0.2 M
MgCl, and 0.1 M tris(hydroxymethyl)-aminomethane at pH 7.1. Precip-
itants, protein solution and seeding stock were mixed into micro-brid-
ges (Hampton Research, Aliso Viejo, USA) according to the Microseed
Matrix Seeding (MMS) protocol from Hampton Research. After 2-
3 weeks the plate-shaped crystals were cryo-cooled in liquid nitrogen
using 25% glycerol as cryo-protectant. The cryo-protectant was mixed
with the crystallization buffer in 5% steps (15%, 20%, 25%).

2.10. Data collection and structure analysis

Diffraction data was collected at the synchrotron radiation facility
ESRF in Grenoble, France. The best data set was collected at the tunable
beamline ID23-1 [40] with a PILATUS 6M-F detector at a wavelength of
N\ = 0.972 A using the data collection and strategy software packages
MxCube [41] and EDNA [42]. The collection was performed at 100 K, a
crystal-to-detector distance of 261 mm and a rotation increment 0.15°
with an exposure time of 0.04 s for each frame (1000 images). The im-
ages of the best data set were indexed, integrated and scaled using the
XDS program package [43] and the CCP4 program SCALA [44,45]. Crys-
tals belong to orthorhombic space group €222, (approximately unit
cell constants: a =84 A, b =97 A, c = 156 A; a = 5 = y = 90.00°).
Initial phases for PA-LOX Ala420Gly mutant were obtained by molecular
replacement based on the crystal structure of the phospholipid-
lipoxygenase complex from Pseudomonas aeruginosa (PDB entry 5IR4)
as initial search model using the CCP4 program PHASER [46]. Subse-
quently, different refinement strategies (inter alia real-space refine-
ment, B-factor refinements) and simulated-annealing (slow cooling
protocol, maximum likelihood target function, energy minimization)
were carried out. The search for water molecules was performed with
the PHENIX program [47]. The crystal structure was modeled with TLS
refinement using anisotropic temperature factors for all atoms. The
crystal structure was finalized with the CCP4 program REFMAC5 [48].
Manual rebuilding of the PA-LOX Ala420Gly mutant model and electron
density interpretation was performed after each refinement cycle using
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the program COOT [49]. The final model has agreement factors Rpe/
Ryork 0f 17.1%/13.9% [50]. Structure validations were performed with
the programs of the RCSB PDB Validation server [51], Molprobity server
[52] and WHAT IF server [53]. All molecular graphics representations
were created using PyMOL. Table 3 summarizes the statistics for crystal-
lographic data collection and structural refinement.

2.11. Structural modeling of enzyme fatty acid complexes

The crystal structure of the PA-LOX Ala420Gly mutant described
here contains a phosphatidylethanolamine molecule (namely ZPE
in the PDB entry 5LC8) bound at the substrate-binding pocket. The
two fatty acid moieties of this endogenous ligand occupy two adja-
cent fatty acid binding sub-cavities, which are connected by a
lobby, which harbors the polar head group of the phospholipid. The
sub-cavity that contains the sn1 fatty acid involves the catalytic
non-heme iron. Linoleic acid and arachidonic acid molecules were
modeled into this sub-cavity on the basis of the endogenous ligand.
Both structures of the two fatty acids were obtained from the COOT
[54] small molecule library and directly fitted manually into the po-
sition of the endogenous ligand via several steps of rotation, transla-
tion and geometry regularization refinement. The model-complex
structure was finalized using the structure geometry optimization
(idealization) procedure of the CCP4 program REFMACS5, following a
refinement of geometric restrains in COOT.

2.12. Caver tunnel analysis

The Caver 3.0 [55] program was used as PyMOL plugin. The settings
in the program have been changed manually. The C11 and C15 carbon
atom of the docked arachidonic acid as well as the C9 and C13 of linoleic
acid served as initial starting point in the crystal structures of both wild-
type (PDB entry 5IR4) and Ala420Gly (PDB entry 5LC8) mutant PA-LOX.
The shell depth (4 A), shell radius (3 A), cluster threshold (3.5 A), the
maximum distance (3-4 A) and the desired radius (5 A) maintained
constant for all calculations. The maximum distance specifies the maxi-
mal distance of the tunnel calculation starting from the initial starting
point. The minimum probe radius was defined by the largest value
showing a tunnel within the given parameters.

3. Results
3.1. Ala420Gly exchange alters the reaction specificity of PA-LOX

Multiple amino acid sequence alignments of PA-LOX with several
eukaryotic S- and R-lipoxygenases (Fig. 1) indicated that Ala420 aligns
with the critical Ala residues of S-LOXs and with the corresponding
Gly residues of R-LOXs. This sequence data suggest that PA-LOX consti-
tutes a fatty acid S-LOX and previous activity assays indicated the for-
mation of 15S-HpETE and 13S-HpODE from arachidonic acid and
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Fig. 1. Multiple amino acid sequence alignment of various eukaryotic S- and R-
lipoxygenases. The relevant amino acid regions of the different mammalian LOXs were
aligned and the amino acid critical for enantioselectivity of the enzymes is indicated in
bold face. Amino acid numbering for the different LOX-isoforms is given.

linoleic acid, respectively [23]. Here we confirm the reaction specificity
of wild-type PA-LOX with linoleic and arachidonic acid (Fig. 2A, C) but
we also show that in side-by-side experiments the Ala420Gly mutant
exhibits dual reaction specificity functioning as dominant arachidonic
acid 11R-LOX (Fig. 2B, D). Although the specific activity of the Ala420Gly
mutant was lower (20% residual activity) than that of the wild-type en-
zyme (Table 1) the product composition indicates that the Ala-to-Gly
concept [33] is applicable to PA-LOX and that the Ala420Gly exchange
significantly alters the reaction specificity of this enzyme.

3.2. Formation of 13S- and 9R-HpODE involves abstraction of the proS-hy-
drogen from C11

To explore the stereochemistry of initial hydrogen abstraction we in-
cubated linoleic acid carrying a deuterium at the proS- or the proR-po-
sition at the bisallylic methylene C11 with pure wild-type and mutant
PA-LOX and measured the reaction rate by following the increase in ab-
sorbance at 235 nm. Here we found that 11-proR-deuterated linoleic
acid was more rapidly oxygenated than the 11-proS-deuterated sub-
strate by both, wild-type PA-LOX and its Ala420Gly mutant (Table 2).
This primary kinetic isotopic effect, the extent of which was comparable
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Fig. 2. Patterns of fatty acid oxygenation products formed by wild-type PA-LOX and its
Ala420Gly mutant. A) Wild-type PA-LOX (3.7 pg/ml final enzyme concentration) with
arachidonic acid, B) Ala420Gly mutant PA-LOX (7.6 pg/ml final enzyme concentration)
with arachidonic acid, C) Wild-type PA-LOX (3.7 pug/ml final enzyme concentration)
with linoleic acid, D) Ala420Gly mutant of PA-LOX (7.6 pg/ml final enzyme
concentration) with linoleic acid. The insets indicate the enantiomer compositions of the
oxygenation products determined by chiral phase HPLC.
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Table 1

Basic kinetic parameters of wild-type PA-LOX and its Ala420Gly mutant.
Parameter Wild-type A420G
Turnover rate (s~ ')? 203 + 0.1 43 + 04
Hyperoxia/normoxia ratio® 34 1.6
Km for O, (uUM)© 406 + 37 235 + 44
Vmax (UM/min) 205 + 1.5 126 £ 1.7
Catalytic efficiency (min~"') 0.051 0.053

¢ Standard activity assay containing 162 pM linoleic acid as substrate.
b The oxygenation rate of arachidonic acid under normoxic conditions was set 1.
€ 320 uM arachidonic acid. The catalytic efficiency was calculated dividing Vp,ax/Km.

for wild-type PA-LOX and its Ala420Gly mutant, suggests that the proS-
hydrogen is abstracted during linoleic acid oxygenation by both enzyme
variants.

Next, we prepared the 13S-H(p)ODE and the 9R-H(p)ODE formed
by the two enzyme variants and quantified the degree of deuterium re-
tention. Here we found that with 11-proR-deuterated substrate a deute-
rium retention of >85% in both, 13S-H(p)ODE and 9R-H(p)ODE (Table
2). In contrast, with 11-proS-deuterated substrate >95 % of deuterium
was lost. These results indicate that the formation of both 13S- and
9R-H(p)ODE involves abstraction of the proS-hydrogen from C11 of
linoleic acid. Thus, the reaction follows the antarafacial paradigm of
the LOX reaction. A similar observation has been previously reported
with wildtype- and Ala542Gly-soybean LOX-1 (34).

3.3. Structural models of PA-LOX-PUFA complexes are consistent with the
stereo-selective hydrogen abstraction

The crystal structure of wild-type PA-LOX has previously been
solved at 1.75 A as highest resolution [7] (PDB entries 4G32 and 4G33
in two different space groups) and we recently improved the resolution
to 1.48 A [23] (PDB entries 5IR4 and 5IR5 in two different space groups).
For the present study, we solved the crystal structure of the Ala420Gly
mutant of PA-LOX at 1.8 A resolution (PDB entry 5LC8) and a cartoon
representation of this crystal structure is given in Fig. 3A. Table 3 sum-
marizes the statistics for crystallographic data collection and structural
refinement. Except for the lack of the Ala420 side chain and for a
minor rotation of the sn1 fatty acid moiety of the endogenous ligand
(Fig. 3B) the two crystal structures (wild-type vs. Ala420Gly mutant)
were virtually identical. This also includes the structure of the iron clus-
ter (inset to Fig. 3).

When we modeled arachidonic acid and linoleic acid into the sub-
strate-binding pocket, we found that the bisallylic methylenes C11
(linoleic acid) and C13 (arachidonic acid) are located in close proximity
to the iron bound water allowing hydrogen abstraction from these car-
bon atoms (Fig. 3C, left panel). The distance of the C;3-proS-hydrogen of
arachidonic acid to the iron-bound water was about 2.2 A. In contrast,
the distance of the proR-hydrogen was 3.4 A. Similar data were obtained
for linoleic acid (Fig. 3C, right panel) and these results provide a plausi-
ble explanation for the stereo-selectivity of hydrogen abstraction (Table
2). Itis important to stress that these data are not based on direct X-ray
coordinates of enzyme-substrate complexes. Instead, they are the re-
sults of structural modeling. However, the conclusions are plausible
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and consistent with our experimental data on the stereo-selectivity of
the hydrogen abstraction.

To test the quality of our modeling procedure for a third substrate
we docked 5Z,8Z,11Z-eicosatrienoic acid into the active site under iden-
tical modeling condition. This substrate is not well oxygenated by PA-
LOX since it lacks the bisallylic methylene at C13 [23]. When we
modeled this fatty acid into the substrate-binding pocket we found
that the two hydrogen atoms attached to the bisallylic methylene C10
are far away (>5 A) from the iron bound hydroxyl. Thus, hydrogen ab-
straction from this pro-chiral center appears to be impossible, which is
consistent with previous observation that this fatty acid is not a good
substrate for this enzyme [23].

3.4. Ala420Gly mutant of PA-LOX exhibits an improved molecular oxygen
affinity

Since formation of 13S- and 9R-H(p)ODE involves abstraction of the
proS-hydrogen from C11 of linoleic acid one may conclude that the first
elementary reaction (hydrogen abstraction) of the catalytic cycle is
identical for wild-type PA-LOX and its Ala420Gly substitution variant.
Thus, the different reaction specificity of the Ala420Gly mutant might
be related to an altered stereochemistry of the subsequent O, insertion.
To test this hypothesis we first characterized the kinetic effects of vari-
able dioxygen concentrations. When wild-type PA-LOX and its
Ala420Gly mutant were incubated with arachidonic acid under
normoxic (air saturation) and hyperoxic (O, saturation) conditions
we found that the catalytic activity of the wild-type enzyme was more
then 3-fold higher under hyperoxic conditions (Table 1). In contrast,
the hyperoxic/normoxic activity ratio of the Ala420Gly mutant was
only 1.3. This data suggests a higher molecular oxygen affinity of the
Ala420Gly mutant when compared with the wild-type enzyme.

To put this conclusion on a broader experimental basis we deter-
mined the reaction rate of arachidonic acid oxygenation by wild-type
PA-LOX and its Ala420Gly mutant at 10 different dioxygen concentra-
tions (Fig. 4) and calculated the dioxygen Km-values. The reaction ki-
netic data given in Table 1 allow the following conclusions: (i) In
contrast to mammalian LOX, for which dioxygen Km-values varying be-
tween 5 and 40 pM have previously been reported [56-59], wild-type
PA-LOX (Km O, of 406 pM) exhibits a rather low molecular oxygen af-
finity. Such kinetic properties are characteristic for sensor proteins
(see Discussion). (ii) Ala420Gly exchange almost doubled the molecular
oxygen affinity (Km value of 235 uM for the Ala420Gly mutant vs.
406 pM for the wild-type enzyme). (iii) The catalytic efficiency (Kcar/
Km) of the two enzymes is hardly altered by Ala420Gly exchange.

3.5. Ala420Gly substitution bifurcates the putative O access tunnel

When we explored the crystal structures of wild-type PA-LOX
and its Ala420Gly mutant with the protein tunnel prediction
software Caver 3.0 [60] we found a permanent tunnel system,
which interconnects the protein surface of wild-type PA-LOX with
the catalytic center. This tunnel system might constitute a molecular
oxygen delivery tunnel allowing intra-protein O, diffusion. When
we inspected this tunnel in more detail we found that approximately

Table 2
Primary kinetic isotopic effect and retention of deuterium in the reaction produced during the oxygenation of C11-proS- and C11-proR deuterated linoleic acid by wild-type PA-LOX and its
Ala420Gly mutant.
Kinetic measurements Enzyme Relative reaction rate (%)
proR-deuterated proS-deuterated Ratio
Wild-type 100.0 + 16.1° 6.2 + 33 16.1
Ala420Gly 100.0 + 8.0° 15.1 +£ 39 6.6
Product analysis Enzyme Product proR-retention (%) proS-retention (%)
Wild-type 13S-HODE 885+ 15 33+ 06
Ala420Gly 13S-HODE 855 + 5.5 25+ 05
9R-HODE 86.0 + 1.0 35405

@ The reaction rate of the proR-deuterated substrate was set 100 for both enzyme variants.
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Fig. 3. Crystal structure of Ala420Gly mutant of PA-LOX and structural models of enzyme substrate complexes. A) Ribbon diagram of the overall structure of PA-LOX Ala420Gly mutant
(PDB entry 5LC8). Dark blue sphere - non-heme iron. Green sticks - endogenous phospholipid ligand (ZPE). Inset: Iron ligand sphere. Light blue sphere: Iron-bound water (hydroxyl).
B) Overlay of the positions of the endogenous phospholipid ligand at the active site of wild-type PA-LOX (green) and its Ala420Gly mutant (magenta). There is a subtle (around 0.6 A)
displacement of the endogenous ligand at the active site of the Ala420Gly mutant. C) Structural models for PA-LOX fatty acid complexes. Arachidonic acid and linoleic acid were
manually modeled and geometrically idealized into the active site on the basis of the electron density map of the sn1 fatty acid moiety of ZPE. Left: The proS-hydrogen (2.2 A) at C13
of arachidonic acid is closer to the iron-bound hydroxyl than the corresponding proR-hydrogen (3.4 A). Right: The proS-hydrogen (2.2 A) at C11 of linoleic acid is closer to the iron-

bound hydroxyl than the corresponding proR-hydrogen (3.3 A).

50% of the tunnel residues are hydrophobic (Fig. 5). In the wild-type
enzyme Leu378, Ala420 and Leu425 form the bottleneck, the
narrowest part of the given tunnel (Fig. 6A). In the Ala420Gly mutant
deletion of the methyl group of Ala420 (Ala420Gly substitution)
removes this narrowness and widens this tunnel section consider-
ably (Fig. 6B). In the Ala420Gly variant Val86, Leu378 and Leu383
form narrowest part of the tunnel (Fig. 6B). Interestingly, in the crys-
tal structure no water molecules were found in the putative O, deliv-
ery tunnels of wild-type and mutant PA-LOX. When molecular
oxygen travels along these tunnels it enters the substrate-binding
pocket in close proximity of the catalytic non-heme iron. In wild-
type PA-LOX (Fig. 7A) the side chain of Ala420 narrows the O, access
tunnel significantly and thus, it blocks dioxygen diffusion to the 11R-

position of arachidonic acid or the 9R-position of linoleic acid. This
conclusion is consistent with the arachidonate 15S- and the linoleate
13S-lipoxygenating activity of the enzyme. In the crystal structure of
the Ala420Gly mutant we found that the Ala420Gly substitution
opens the narrow part of the O, access tunnel (Fig. 7B). Doing so it
bifurcated the single tunnel so that O, molecules traveling along
this path can now also reach the R-position at C11 of arachidonic
acid or C9 of linoleic acid. This conclusion explains the dual reaction
specificity of the mutant enzyme.

In summary, our mutagenesis data suggest that atmospheric
dioxygen may travel from the protein surface of PA-LOX into the
catalytic center via a defined O, access tunnel. Ala420Gly exchange re-
directs intra-enzyme dioxygen diffusion, which leads to alterations in
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Table 3
Data collection parameters and refinement statistics.

Crystal structure PA-LOX Ala420Gly mutant (PDB entry 5LC8)
ID 23-1 - ESRF (Grenoble, France)

Beamline

Data collection

Space group

Cell dimensions
(a,b,c[Al; o, B, Y[])

€222
84.33, 97.42, 155.60;
90.00, 90.00, 90.00°

Wavelength [A] 0.972

Resolution (A) 48.71-1.80 (1.90-1.80)"
Rpim [72] 0.04 (0.36)"

Rimerge [72] 0.08 (0.67)"

o (1) [72] 109 (2.1)°
Completeness [%] 99.5 (99.6)"
Redundancy 4.5 (4.4)°

Wilson B factor (A?) 22.7

Refinement

48.71-1.80 (1.85-1.80)"
13.9/17.1 (25.9/30.0)°

Resolution [A]
Rwark/Rfree [%]

Average B factor (A?) 284
R.m.s¢ deviations

Bond lengths (A) 0.008
Bond angles (°) 1.18
Ramachandran favored [%]¢ 943
Ramachandran allowed [%]¢ 5.7
Ramachandran outlier [%]¢ 0.0
2 Number of crystals for data set: 1.

b Highest resolution shell is shown in parenthesis.

€ R.m.s, root mean square.

d

As defined in the program RAMPAGE [73].

wild-type enzyme

LOX activity (uM/min)

0.5 1.0 1.5
oxygen concentration (mM)

Ala420Gly mutant

-
N

LOX activity (uM/min) m
o

0.5 1.0 1.5
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Fig. 4. Determination of molecular oxygen affinity (Km) of wild-type PA-LOX (A) and its
Ala420Gly mutant. Arachidonic acid oxygenase activity was measured at 13 different
dioxygen concentrations, which were adjusted by mixing argon-flushes (anaerobic) and
0, flushed (hyperoxic) PBS in different volume ratios. The activity data were plotted
against the different dioxygen concentrations and fitted against a Hill-type rate equation
(see Materials and methods).

the oxygenation kinetics (improvement of molecular oxygen affinity)
and to an alteration of the reaction specificity of fatty acid oxygenation.

4. Discussion
4.1. PA-LOX follows the Ala-vs-Gly concept of reaction specificity

Most LOX isoforms identified so far follow the Ala-vs-Gly concept of
reaction specificity. For instance, among the six human LOX-isoforms
five iso-enyzmes can be classified as S-LOX [ALOX15, ALOX15B,
ALOX12, ALOX5, ALOXE3 [61]]. They all carry an Ala at a critical position
of their primary structure. Only ALOX12B constitutes a R-LOX and here a
Gly occupies this critical position [32]. However, not all LOX isoforms
follow the rules of the Ala-vs-Gly concept. Zebrafish LOX-1, which
carries a Gly at this critical position, has been identified as arachidonate
12S5-LOX [37]. Thus, for newly discovered LOX it is important to explore
whether the Ala-vs-Gly concept is applicable for this particular enzyme.
Our chiral phase HPLC data show for the first time that PA-LOX can be
classified as S-LOX since linoleic acid and arachidonic acid are oxygenat-
ed to the corresponding n-6 S-hydroperoxy derivatives [18]. Multiple
amino acid alignments indicated that Ala420 of PA-LOX constitutes
the critical amino acid and that Ala420Gly exchange altered the
enantioselectivity of the enzyme in favor of linoleic acid 9R- and arachi-
donic acid 11R-lipoxygenation. Although these alterations were not
complete our data indicate that the Ala-vs-Gly concept of
enantioselectivity is applicable for PA-LOX. This has not been reported
before for this particular prokaryotic LOX. To explore the structural
basis for this change in reaction specificity we crystallized the
Ala420Gly mutant and found that the Ala side chain in wild-type PA-
LOX might prevent diffusion of molecular oxygen to the 11R- (arachi-
donic acid) and 9R-position (linoleic acid) of the substrate molecule.
However, in the Ala420Gly mutant this structural barrier is removed
so that dioxygen can reach these positions.

It has been suggested before [32,33] that the side chain of Ala might
prevent O, diffusion to the 11R-position in arachidonic acid but until
now no direct structural data (X-ray coordinates for the Ala-vs-Gly mu-
tant) have been provided to prove this hypothesis. Our crystallographic
data indicate for the first time that an Ala-to-Gly exchange opens a new
putative O, access tunnel which was closed in the wild-type enzyme.
Thus, in the mutant protein dioxygen may travel to both C15 and C11
of the arachidonic acid backbone. These direct structural data, which
need to be tested for other LOX-isoforms, are consistent with the ob-
served functional alterations and may explain the altered reaction spec-
ificity of the Ala420Gly mutant of PA-LOX.

4.2. Oxygen tunnels in LOXs

The catalytic center of LOXs, which harbors the non-heme iron, is lo-
calized deeply inside the core of the protein. Thus, in order to react with
each other the two substrates (fatty acids and atmospheric dioxygen)
must travel from the solvent into the catalytic center and this move-
ment is likely to proceed along pre-formed tunnels. The substrate-bind-
ing cavity of different LOX isoforms is differently structured [62]. For
rabbit ALOX15 it is boot-shaped tunnel, which intersects with the pro-
tein surface in the surrounding of Arg403 (entrance into the active
site). The side chains of 11e418, Phe353 and Ile593 form the bottom of
the substrate-binding pocket and the bulkiness of these residues are im-
portant for the reaction specificity [63]. For this enzyme a dynamic O,
access tunnel has been suggested, which intersects the substrate-bind-
ing cavity, to deliver the second substrate for the oxygenase reaction
[57]. Leu367 lines this putative O, access tunnel at a critical position
and Leu367Phe exchange was hypothesized to limit the dioxygen con-
ductivity of this tunnel. When Leu367 was replaced by a more bulky
Phe (Leu6367Phe mutant) dioxygen diffusion into the active site was
reduced and this functional impairment was mirrored by an increase
in the Km for dioxygen [57]. For soybean LOX-1 putative O, access
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Enzyme Ligand 85 [EGN 87 | ss 373 382 417 | 418 | 419
Alad20Gly arachidonicacid | Asn | Val | Lys | Gly | Val Met | Leu | Ala | His | Leu | lle | Asn | Glu | Gly
wild-type arachidonic acid | Asn | Val | Lys | Gly | Val Glu | Met Ala Leu Asn Gly

Enzyme Ligand 440 | 442 | 443 [JEARY aas [N 447 | a4s | aso [JEiE
Alad20Gly arachidonic acid Gln | Thr | GIn | Ala | Thr | Ala | Gly | Gly | Arg
wild-type arachidonic acid GIn | Thr | GIn | Ala | Thr | Ala | Gly | Gly | Arg | Leu

hydrophobic residues

tunnel contact residues

JHUN

wild-type bottleneck residues caver analyst 1.0 with a distance < 3.0 A

mutant bottleneck residues caver analyst 1.0 with a distance < 3.0 A

Fig. 5. Amino acids lining the putative O, access tunnel. All amino acid residues, which contact the putative O, access tunnel (calculated with the Caver 3.0 PyMol plugin), are indicated.
Among them amino acids with hydrophobic side chains are labeled in green. The bottleneck residues of the putative O, access tunnel were calculated with the program Caver analyst 1.0
with a distance < 3.0 A and are highlighted in blue (for the wild-type PA-LOX) and yellow (for the Ala420Gly mutant).

tunnels have also been suggested [58]. This enzyme [22,64] contains
two major cavities (cavity I and II), which intersect in the proximity of
the non-heme iron. The side chains of Arg707 and Val354 separate cav-
ity I into an upstream sub-cavity Ila, which may function as substrate
binding pocket and a downstream sub-cavity IIb. The putative sub-
strate-binding pocket (sub-cavity Ia) is intersected by a side-tunnel be-
tween Ile553 and Trp500, which has been suggested as O, access tunnel
[62]. Site-directed mutagenesis studies suggest that [le553 may limit
dioxygen availability [58] but more recent data implicate this amino
acid in proper fatty acid alignment [65].

So far, all reports on putative O, access tunnels in LOX are based on
the interpretation of the internal cavity architectures of the enzymes de-
duced from the crystal structures and on functional alterations (drop of
enzyme activity, increase in Km O,) observed after site-directed muta-
genesis [57,58]. However, in neither of these reports the structural con-
sequences of the mutagenesis strategy (crystal structure of the enzyme
mutants) have been explored. This gap is filled in our studies. Following
the conventional strategy we first explored the internal cavity structure
of wild-type PA LOX for potential O, access tunnels. We next, identified
Ala420 as bottleneck amino acid and mutated this residue to a less
space-filling Gly. Interestingly, consistent with the Ala-vs-Gly concept

[33] this mutation altered the reaction specificity of the enzyme but
also improved the dioxygen affinity of the enzyme-substrate complex
(Fig. 4). Finally, we went a step further and crystallized the Ala420Gly
mutant of PA-LOX. Comparisons of the 3D structures of wild-type and
mutant PA-LOX indicated that the Ala420Gly exchange bifurcates the
putative O, access tunnel found in the wild-type enzyme, which allows
dioxygen diffusion to both, C15 and C11 of arachidonic acid and C13 and
C9 of linoleic acid. In other words, our strategy combined for the first
time functional (altered reaction specificity, improved molecular oxy-
gen affinity) and structural (crystal structure) characterization of a
LOX mutant with altered enzymatic properties.

4.3. Kinetic properties of PA-LOX

The kinetic properties of PA-LOX, in particular the low molecular ox-
ygen affinity of the enzyme-substrate complex, deserve more detailed
discussion. When we analyzed the dependence of the reaction rate on
dioxygen concentrations we obtained sigmoid curves for both, wild-
type and mutant PA-LOX (Fig. 4). Although these data could be fitted
to the Michaelis equation we achieved much better fitting when the
Hill equation was used. These data suggest that PA-LOX exhibits

Fig. 6. Bottleneck residues of the putative molecular oxygen tunnel in wild-type PA-LOX and its Ala420Gly mutant. In both crystal structures the cavity surface representations were
colored in grey and calculated with the program PyMOL. (A) Wild-type PA-LOX with modeled arachidonic acid is depicted as yellow sticks. The hydrophobic tunnel was calculated in
Caver 3.0 and is shown as green chain of spheres with the van der Waals radius of each sphere. The bottleneck residues (blue sticks) Leu378, Ala420 and Leu425 were identified with
the program Caver analyst 1.0 and are in distance < 3.0 A to the narrowest point of the tunnel. (B) Ala420Gly PA-LOX with modeled arachidonic acid depicted as green sticks. The
hydrophobic tunnel was calculated in Caver and shown as blue chain of spheres with the van der Waals radius of each sphere. The red circle indicates the enlargement of the putative
dioxygen tunnel in Ala420Gly PA-LOX. The bottleneck residues for this enzyme variant (yellow sticks) were Val86, Leu378 and Leu383. They are in distance < 3.0 A to the narrowest

point of the tunnel.
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Fig. 7. Putative O, access tunnel in wild-type PA-LOX and its Ala420Gly mutant. (A) Wild-type PA-LOX with substrate lipids (left panel, arachidonic acid; right panel, linoleic acid) are
shown as yellow sticks. Cavity surface presentations (calculated with the program PyMOL) are colored in grey. The putative hydrophobic O, access tunnel is indicated by the chain of
green spheres with C15 (arachidonic acid) and C13 (linoleic acid) as starting points for the calculations. B) Similar calculations were carried out for Ala420Gly mutant. The putative
hydrophobic O, access tunnel is indicated by the chain of blue spheres with C15 and C11 (arachidonic acid) and C9 and C13 (linoleic acid) as starting points for the calculations. Black

arrows in A and B indicate the path of molecular oxygen movement.

cooperative properties, which is somewhat unusual for proteins
consisting of a single polypeptide chain. However, cooperative proper-
ties have previously been reported for recombinant human ALOX15
and human ALOX15B, which also consist of a single polypeptide chains
[66,67]. One way to explain the cooperative characteristics of LOX is
their ability to form homodimers. Rabbit ALOX15 forms functional
homodimers in aqueous solutions [68] and a similar dimerization has
been suggested for human ALOX5 [69]. When we analyzed the pure re-
combinant PA-LOX in size exclusion chromatography we obtained two
distinct peaks (data not shown). After calibrating the chromatographic
scale with authentic molecular weight markers we found that early
eluting peak migrated with an apparent molecular weight that was
twice as high as that of the late eluting peak. When aliquots of both
peaks were run in SDS-PAGE the major bands migrated at 70 kDa.
These data suggest the principal capability of PA-LOX to form non-cova-
lent dimers in aqueous solutions and this dimerization may contribute
to the cooperative character of this enzyme. However, protein dimeriza-
tion may not be the only way to explain the cooperative properties of
PA-LOX. When traveling along the O, access tunnels atmospheric
dioxygen may bind at different sites of the protein. Moreover, the prod-
uct pattern formed by the mutant enzyme clearly indicates two differ-
ent sites of O, insertion into the fatty acid substrate (C15 and C11 of
arachidonic acid). These data indicate multiple dioxygen binding sites
at the protein, which could explain the cooperative behavior.

As shown in Table 1 the Ala420Gly exchange induced two partially
opposing effects on the kinetic properties of PA-LOX: i) The mutation
impaired the catalytic activity by about 80%. Although the molecular
basis for the impaired catalytic activity has not been explored, it may be
suggested that this mutation reduces the rate-limiting step of the LOX

reaction, which is the initial hydrogen abstraction. Structural modeling
of enzyme-linoleic complexes suggested that in wild-type PA-LOX the
fatty acid substrate is aligned at the active site in such a way that the
proS hydrogen at C11 of linoleic acid is localized in close proximity of
the non-heme iron. In contrast, in the Ala420Gly mutant this hydrogen
was shifted away by about 0.6 A from the iron, which might explain the
impaired catalytic activity. A similar drop in catalytic activity was ob-
served when similar mutations were carried out with other LOX-isoforms
[32,34,35]. ii) Despite the reduction of the catalytic activity the molecular
oxygen affinity of the mutant enzyme-substrate complex was improved
and this alteration counteracts the drop in catalytic activity. Since the ob-
served alterations in the product pattern of the Ala420Gly mutant was in-
complete (formation of a 1:1 mixture 155-H(p)ETE and 11R-H(p)ETE)
more drastic improvement in the molecular oxygen affinity were not ex-
pected. This might be different for enzyme species, for which a complete
conversion of the reaction specificity was observed [32].

The crystallographic data suggest that this mutation bifurcates the
putative O, access tunnel and this structural modification allows oxy-
genation of both C15 and C11 of arachidonic acid or C13 and C9 of
linoleic acid (Fig. 7). More quantitative analysis of the arachidonic acid
oxygenation products formed by the Ala420Gly mutant revealed an al-
most 1:1 ratio of 15-HETE/11-HETE. These data suggest that the
dioxygen conductivity of the original O, access tunnel (leading to 155-
oxygenation) and the mutation-induced site-tunnel (leading to 11R-0x-
ygenation) in the Ala420Gly mutant should be very similar. Since the
structure of the original tunnel was not dramatically altered by the mu-
tation it may be concluded that the overall dioxygen conductivity of the
enzyme should be doubled. This situation may be mirrored by the 50%
reduction of the dioxygen Km (Table 1).
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Although the side chain of Ala420 narrows the putative O, access
tunnel in wild-type PA-LOX and thus contributes to the low molecular
oxygen affinity of the enzyme, it is clearly not the only reason for this
property since the molecular oxygen affinity of the Ala420Gly mutant
is still lower than that of other LOX-isoforms. Unfortunately, on the
basis of the currently available experimental data it is impossible to de-
fine why PA-LOX exhibits such low molecular oxygen affinity. From the
kinetic data one might conclude that the dioxygen conductivity of the
PA-LOX O, access channel is lower when compared with the corre-
sponding structures of other LOXs but the molecular basis for this con-
clusion remains unclear. The dioxygen conductivity of preformed
intra-protein tunnels depends on the tunnel geometry ( presence of bot-
tlenecks) but also on the polarity of the amino acid side chains lining
such tunnels. Since direct measurements of the dioxygen conductivity
of intra-protein channels have not been carried out so far for any LOX
isoform the reasons for the unusually low molecular oxygen affinity of
PA-LOX remain to be explored in the future.

For most mammalian LOX- and COX isoforms dioxygen Km-values
in the lower micromolar range have been reported [56-59]. Thus,
under physiological conditions these enzymes work in the range of O,
saturation and thus, alterations in the actual dioxygen concentrations
hardly alter the LOX-reaction. This is clearly not the case for PA-LOX.
With a Km-value of 406 uM wild-type PA-LOX has an unusually low af-
finity for dioxygen. These data suggest that at physiological dioxygen
concentrations the enzyme does not work at substrate saturation.
Thus, alterations in the dioxygen tension constitute a regulatory ele-
ment of PA-LOX activity and such kinetic parameters are characteristic
for sensor proteins. In other words, variations of the actual dioxygen
concentrations are directly translated into changes of the catalytic activ-
ity. Thus, under hypoxic conditions less hydroperoxy lipids are formed,
which impacts the extracellular and intracellular redox potential. The
intracellular redox alterations will modify the activity state of various
redox sensitive transcription factors, which changes the gene expres-
sion pattern of cells in the immediate surrounding. Via this mechanism
alterations in the dioxygen concentrations may change the metabolism
of the bacteria but also of the surrounding host cells. A similar mecha-
nism has been suggested before for the activation of the transcription
factor HIF [70]. In this context HIF-prolyl hydroxylase functions as oxy-
gen sensor [71] and this enzyme exhibits similar kinetic properties (low
molecular oxygen affinity) as PA-LOX.
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9 Hydrogenase ReMBH

In the last decade, intensive research has been carried out for understanding the structure and
function of O»-tolerant and O»-sensitive hydrogenases. ReMBH belongs to the small subgroup
of Ox-tolerant [NiFe] hydrogenases, which catalyse the oxidation of hydrogen into protons and
electrons and vice versa under ambient Oz conditions. Therefore, ReMBH came into focus as
a biological catalyst in clean energy production. To design a high performance, long living,
Oz-tolerant hydrogenase as artificial catalyst, many techniques e.g. spectroscopy,
computational and structural studies were performed to investigate the characteristics of
hydrogenases. As the majority of enzymes, ReMBH harbours the catalytic centre deeply buried
within the protein matrix. For the catalytic reaction, the substrate needs to enter the protein
either through free diffusion or directed transport through protein tunnels. Several aspects like
regiospecificity, reduced travel time or protection of intermediates are suggesting a controlled
transport of substrate between the protein exterior and the active site rather than free diffusion.
Previous structural studies revealed the large contribution of the proximal [4Fe3S]-cluster in
O> tolerance of ReMBH. However, the question arises, which other structural characteristics
of these enzymes playing a role in O; tolerance. In this work, several aspects of the tunnel
network in Oox-tolerant and O»-sensitive hydrogenases were studied with structural and
computational methods presenting the differences between both groups and outlining the
tunnel features in ReMBH. A well-established structural method to study molecular tunnels is
the derivatisation of protein crystals with noble gases like xenon or krypton due to their
hydrophobicity and high atomic number. The first tunnel network in the O»-sensitive
hydrogenase from Desulfovibrio fructosovorans (Df) has been described by Montet and
colleagues using xenon derviatisation.?® On the basis of the existing structure of [NiFe]
hydrogenase from Desulfovibrio gigas (Dg) in the same study the hydrophobic tunnels have
been confirmed by MD simulations. Comparing the tunnel characteristics between O»-sensitive
and O»-tolerant hydrogenases krypton derivatisation of ReMBH crystals and Caver 3.0 tunnel
calculations for both groups have been applied in this work and the results were described in
the publication “Krypton Derivatization of an O2-Tolerant Membrane-Bound [NiFe]
Hydrogenase Reveals a Hydrophobic Tunnel Network for Gas Transport” (Results, 1). The

krypton atom positions described two distinct routes for gas molecules between the protein
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exterior and active site and a branch for potential substrate storage. In addition, these results
were verified by computational tunnel calculations with the program Caver 3.0. Elaborate
tunnel calculations of both [NiFe] hydrogenase groups from different organisms revealed a
more complex pathway system in O-sensitive hydrogenases with an in average two times
higher amount in tunnels and openings. The increased quantity of substrate tunnels with surface
openings and a slightly greater diameter might have an influence in higher gas diffusion rates
for substrate as well as inhibitors in Oz-sensitive hydrogenases. This leads to the hypothesis
that Oz-tolerant [NiFe] hydrogenases limit gas diffusion to the active site enabling the reduction

of O to harmless water besides the catalytic cycle.

In the second publication, “Tracking the route of molecular oxygen in membrane-bound [NiFe]
hydrogenase of Ralstonia eutropha” (Results, i1) the potential pathway of O, access has been
studied for the first time with the derivatisation of ReMBH crystals with molecular oxygen and
computational calculations with the program Caver 3.0. However, crystal structures as well as
the Caver3.0 calculations only provide results of static protein structures. Therefore, it was
extremely helpful to compare X-ray crystallography results with ReMBH MD simulations
kindly provided by the group of Maria Andrea Mroginski and calculated by Tillmann Utesch.
The O»-derivatised ReMBH crystal structure presented was pressurized at 70 bar for 15 min.
As comparison data, non-derivatised and high-pressure (2000 bar) data sets were collected.
The pressurization experiments have no impact on the protein core showing an overall identical
[NiFe] active site, medial and distal [FeS]-cluster. Interestingly, the higher O concentrations
in the derivatised ReMBH have an impact on the proximal [4Fe3S]-cluster. The [4Fe3S]-cluster
contains an additional hydroxyl ligand at one of the iron ions (Fel) and Glu76s shifts closer
(OeE76: 3.4 A — 2.6 A) towards another iron ion (Fe4) of the cluster. A similar shift has been
detected in O»-tolerant [NiFe] hydrogenase 1 from Escherichia coli (EcHyd-1), where Glu76s
has two alternative positions in the enzyme as-isolated state with OgE76 distances of 3.4 A and
2.4 A to the iron ion (Fe4) of the proximal cluster (Figure 304).'2° Volbeda and co-workers
stated Glu76s was involved in proton abstraction to stabilise the approach of Fe4 to the amid-
N of Cys20, which further stabilises the superoxidised state of the proximal cluster. In the
ferricyanide-oxidized structure similar alternative conformations of Glu76s were found (Figure
30B). Both structures also show a higher flexibility for Fe4. In ReMBH the two structural
alterations of the hydroxyl ligand and Glu76s shift might be linked to the stabilization of the

cluster in its high-potential form, which needs further examination or oxidative damage through
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high O concentrations. In this regard it should be noticed, that no damage through O> was

detected for the remaining metal clusters.

C149S SC120

¥c120

EcHyd-1as-isolated state EcHyd-1 ferricyanide-oxidized

Figure 30: EcHyd-1 proximal cluster structures. Figure 30 was inherited from Volbeda et al.'*° (A) As-isolated
state of EcHyd-1 with two alternative conformations of E76. The iron ions are depicted as spheres with their
anomalous difference electron density peaks (purple mesh) contoured at 5 . The E76 omit map is shown as light
blue mesh and contoured at 8 6. The schematic representation illustrates the double conformation of Fe4 in the
cluster plus the two alternative positions of E76. (B) The 4-OH-1,4-naphthoquinone/ferricyanide-oxidized
structure shows the alternative positions of both Fe4 and E76. The iron peaks (purple mesh) and the omit map
(light blue mesh) are contoured at the 6 ¢ and 9 o, respectively.

X-ray crystallography results and MD simulations have demonstrated that H> and Oz, an
inhibitor in Oz-sensitive [NiFe] hydrogenases, take the same pathways to reach the active site.
H> and O, sharing the same access tunnels could indicate lower concentrations of O within
the tunnel as it is competing with H». Further, H> could be detected closer to the active site than
0., suggesting that the larger O is hindered by the active site gate amino acids. Therefore, the
narrower tunnel towards the Ni atom might limit O, attack at the catalytic centre. The MD
simulation results showed that the static ReMBH structure is mainly conform to the calculations
under solvent conditions also indicating that previous tunnel calculations on the static
structures of the O2-sensitive and Oz-tolerant hydrogenases are comparatively meaningful. In
the MD simulations the two substrate tunnels with tunnel A as main access route for H> and a
storage cavity, which were proposed in the ReMBH crystal structures, were confirmed to make

the presented gas tunnel network in ReMBH.

However, further mutational experiments on the hydrophobic tunnel system of O»-tolerant and
O:-sensitive hydrogenases might shed light on the influence of the variations of these structural

features between the two groups. One possible set of substitutions in O»-sensitive hydrogenases
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could be the introduction of more bulky side chains or hydrophilic amino acids to block the
bottlenecks and to close the tunnel entrances (Figure 31). This could help to create a potential
storage cavity, which might have an extremely important function for O tolerance as gas
storage and for catalytic activity. In turn, in Ox-tolerant [NiFe] hydrogenases hydrophobic
storage cavities as found in ReMBH could be mutated to an extra tunnel with an opening to the
protein surface. An interesting fact is the missing gas tunnel B and branch 1 in O»-tolerant
EcHyd-1 suggesting that gas tunnel A is the main tunnel as it is present in both groups.
Blocking this tunnel might have a large impact in Oz tolerance in [NiFe] hydrogenases (Figure

32).

gas tunnel B

—t

Figure 31: Possible mutational alterations at the hydrophobic tunnel network of O:-sensitive [NiFe]
hydrogenase from Desulfovibrio vulgaris Miyazaki F. The protein co backbone is shown as blue C-alpha
backbone representation. The [NiFe] active site is illustrated as ball/stick and the conserved arginine 479 (initial
starting point in Caver 3.0 calculation) as stick. The grey tunnel surface was calculated in PyYMOL. The [FeS]-
clusters in the small subunit are shown as ball/stick representation in yellow and orange for the sulfur atoms and
iron ions, respectively. The routes of the gas molecules in tunnel A - E, are indicated as black dashed arrows.
Possible mutation sites for closing the tunnels are shown as red cross.
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Figure 32: Possible mutational alterations at the hydrophobic tunnel network of Oz-tolerant ReMBH. The
small and large subunits are shown in blue and green ca backbone representation, respectively. The [NiFe] active
site is illustrated as ball/stick and the conserved arginine 530y (initial starting point in Caver 3.0 calculation) as
stick. The grey tunnel surface was calculated in PyYMOL. Water molecules are depicted as blue spheres. The
bottleneck of tunnel B is composed of amino acids A127;, V131 and A202; (red sticks). The routes of the gas
molecules in both, tunnel A and B, are indicated as black dashed arrows. Possible mutation sites for opening or
closing the tunnels are shown as green tick or red cross, respectively.

Intriguing, O> tolerance is not only been found in [NiFe] hydrogenases, but also in the small
subgroup of [NiFeSe] hydrogenases. In this enzyme class one of the terminal Ni ligands is a
seleno-cysteine compared to the cysteine present in [NiFe] hydrogenases.” Interestingly,
besides the O» tolerance also a high activity for H> evolution with an insignificant inhibition
by the product H> could be detected in the [NiFeSe] hydrogenase from the sulphate-reducing

121 Several advantages of the incorporated selenium

bacteria Desulfomicrobium baculatum.
compared to the cysteine sulfur have been proposed: (i) sterically protecting Ni from O attack,
(ii) higher nucleophilicity, thus higher enzyme activity and (iii) oxidized selenium is easily
reducible.!?! Several studies with MD simulations on the [NiFeSe] hydrogenases from D.
baculatum and Desulfovibrio vulgaris Hildenborough detected notable differences in the gas

transport pathways.!?>!23

Compared to the Og;-sensitive [NiFe] hydrogenase from
Desulfovibrio gigas an alternative pathway has been found and being linked to the higher
enzyme activity through higher H> concentrations in the protein. The tunnel network stretches
closer to the active site Ni ion and the H> density close to the catalytic centre has been found

higher compared to the O;-sensitive [NiFe] hydrogenase from D. gigas. Additionally, cavities
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with calculated and trapped potential H> molecules have been presumed to either hinder the
transport of substrate to the active site or act as gas reservoirs (Figure 33).!*> Based on the
structural and computational results of ReMBH as well as the MD simulation results on the
[NiFeSe] hydrogenases from D. baculatum and Desulfovibrio vulgaris Hildenborough further
comparative structural studies including computational calculations between O»-tolerant and
O»-sensitive hydrogenases together with the different hydrogenase classes should be
considered to gather comprehensive data about the enzyme tunnel network and their influence

in enzyme activity and Oz tolerance.

Figure 33: Calculated probability density maps of potential H> molecules. Figure 33 was inherited from
Baltazar et al.'”?> The binuclear active site of D. baculatum (a) and D. gigas (b) are shown in ball/stick
representation with the Fe ion in red, the Ni ion in light blue, sulfur in yellow and selenium in orange. The
probability H» density is depicted as grey mesh. The crystallographic structure is represented as a surface. The
cavities surrounding amino acids and the conserved arginine are illustrated in sticks. Cavities of higher H density
in D. baculatum are named D4 and D6.
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10 Lipoxygenase Pa-LOX

Lipoxygenases are widely present in eukaryotes, marginal in bacteria (< 0.5 % of bacteria
contain LOX-like genes) and have not been identified in archaea. The general function of
LOXs, catalysing the dioxygenation of PUFAs into hydroperoxides, is uniform in all species.
However, the purpose of LOXs is commonly known in animals and plants, whereas in bacterial
LOXs it remains elusive. The low appearances of LOX genes in bacteria imply that the
enzymes are not essential for bacteria survival. Otherwise, in some bacteria it has been
proposed that the variability in membrane composition assisted by LOX facilitates the adaption
of the bacterium to a wide range of environments.*® There are no great amounts of PUFAs
found in bacteria, which indicates the possible use of LOX substrate from host cells. Knowing
the contribution of eukaryotic LOX in immune response and Pa as human pathogen leads to
the hypothesis that Pa-LOX might be involved in interfering with the host immune response
system. This theory is further supported by our studies showing that Pa-LOX is able to
oxygenate membrane phospholipids and takes part in biofilm formation in the host cells. Pa-
LOX has been tested for leukotriene synthase activity as found in the human ALOXS, which
is involved in the biosynthesis of pro-inflammatory mediators like leukotrienes. Leukotrienes
are synthesised from arachidonic acid and trigger as well as sustain inflammatory reactions. In
our studies, such leukotriene synthase activity has not been detected for Pa-LOX. However,
the biosynthesis of anti-inflammatory mediators such as lipoxins, which reverse the
inflammatory response and initiate repair activities, has been proposed for Pa-LOX. This is an
additional indication for Pa-LOX playing a role in invasiveness and infectiousness of Pa. In
contrast, no lipoxin synthase or phospholipid oxygenase activity has been detected in Pa-LOX
as presented in the recent study from Deschamps and colleagues.!?* Several differences in both
experiments like protein concentration, pH, temperature dependence and a possible difference
in tag sequence length might be the reason for the varying Pa-LOX characteristics. An
alignment of the experimental conditions would be needed to receive comparable data.
Furthermore, studies on actual Pa infected patient material are inevitable to validate in vitro

results of the phospholipid oxygenase activity of Pa-LOX in red blood cells.

The first structure of bacterial LOX from Pseudomonas aeruginosa was solved in 2013
revealing a major structural difference compared to eukaryotic LOXs. The single polypeptide
monomer of Pa-LOX does not show the two-domain fold as found in eukaryotic LOXs. The

eukaryotic N-terminal B-barrel domain being involved in membrane binding is missing in
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bacterial Pa-LOX. However, two additional a-helices (lid-helices) seem to inherit the binding
function. The structural and functional results of wild-type Pa-LOX are presented in the
publication “Structural and functional basis of phospholipid oxygenase activity of bacterial
lipoxygenase from Pseudomonas aeruginosa” (Results, 8iii). In the presented wild-type Pa-
LOX structure a phosphatidylethanolamine was bound to the catalytic sn-1 cavity and the sn-
2 cavity close to the lid-helices. The snl fatty acid and the sn2 fatty acid were incorporated in
the respective cavity. The polar head group of the phospholipid sits at the substrate entrance
and is surface exposed. The two amino acids Arg422 and Asp190 form hydrogen bonds with
the head group (P2;2;2 crystal form) and orient the substrate in the cavities. However, Arg422
is flexible and shifts away in the C222; crystal form. Further data of phospholipid oxygenase
activity proved the preferable binding of the snl fatty acid in the snl-cavity. Interestingly,
mammalian membrane phospholipids like phosphatidylcholine (PC), phosphatidyl-
ethanolamine (PE) or phosphatidylinositol (PI) carry a saturated fatty acid at the snl position
and polyunsaturated fatty acid at the sn2 position. To understand the possible function of Pa-
LOX in oxygenation of the host membrane lipids the binding characteristics of these lipids
need to be examined through co-crystallisation and crystal ligand soaking experiments or
ligand docking studies. Substrate docking studies of linoleic acids and arachidonic acid into
the positive Fo-F'c electron density map of the phosphatidylethanolamine present in the crystal
structure gave an interesting insight into basis of the stereoselective hydrogen abstraction. Pa-
LOX was described as S-LOX and the structural data of the substrate docking showed for the
first time the orientation of linoleic acid and arachidonic acid in the sn1-cavity. The data shows
a distance of the 2.2 A between the proS- hydrogen atom at C11 of the linoleic acid backbone
the active site water (hydroxyl) compared to 3.7 A for the proR-hydrogen. The same has been
found for arachidonic acid. The docking experiment illustrates the structural basis for the proS-
hydrogen abstraction during Pa-LOX catalyses. As the docking studies are based on electron
density of the saturated fatty acid of the bound phosphatidylethanolamine, which has no
bisallylic methylene in the vicinity of the active site, further structural studies with arachidonic
acid and linoleic acid bound in the snl-cavity are essential for detailed knowledge of Pa-LOX
stereoselectivity. Another interesting approach could be the study of a crystal structure with an
empty substrate tunnel to verify possible structural changes through substrate binding or
selectivity of snl or sn2 fatty acid in either of the pockets. This could be achieved via mutations
at the bottom of each cavity or at the substrate entrance. Mutation experiments in the sn-2
cavity could detect the importance of this pocket being involved in substrate binding as well as

interacting with phospholipids of host membranes. An empty tunnel network is also a well-
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defined starting point for crystal derivatisation experiments with krypton or better with
molecular oxygen using the ‘soak-and-freeze’ method to further study the tunnel network in

Pa-LOX. Blocking the O2 access tunnel followed by activity experiments might offer a more

detailed description of the gas tunnel function (Figure 34).

’

Figure 34: Pa-LOX outlook. Pa-LOX protein a-carbon backbone depicted as orange ribbon. The tunnel network
is shown as grey surface calculated with the program PyMOL. The active site non-heme iron and the water
molecule (hydroxyl) are illustrated as spheres in orange and cyan, respectively. Possible future Pa-LOX
experiments: (i) crystal derivatisation with krypton (Kr) and molecular oxygen (O>), (ii) mutations to block the
substrate cavities and the O, access tunnel and (7ii) various substrate binding studies.

In the publication “The crystal structure of Pseudomonas aeruginosa lipoxygenase Ala420Gly
mutant explains its altered reaction specificity” (Results, 8iv) the research focused on the regio-
and stereospecificity of the Ala-Gly concept, which was found in most LOX-isoforms, together
with the substrate tunnel and O> access tunnel as previously illustrated in eukaryotic LOXs.
Pa-LOX carries an alanine at a critical position close to the catalytic centre and is, according
to Coffa classification, an S-LOX.>* This is also confirmed by spectroscopic methods, showing
that linoleic acid and arachidonic acid are peroxidised to S-hydroperoxy derivates. Compared
to the wild-type Pa-LOX functioning as 155-LOX, spectroscopic studies of the Ala420Gly
mutant demonstrated its dual reaction specificity functioning additionally as arachidonic acid

11R-LOX. Further experiments with deuterated linoleic acid also proved the abstraction of the
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proS-hydrogen of C11. The spectroscopic results were supported by the results of the X-ray
crystallography studies of wild-type Pa-LOX and the Ala420Gly mutant, which revealed the
importance of the alanine in the regio- and stereospecific control of the substrate oxygenation.
Computational tunnel calculations show that alanine is part of the bottleneck of the proposed
O access tunnel blocking the position for substrate oxygenation in R-configuration.
Interestingly, opening this bottleneck by exchanging alanine to glycine expands the tunnel and
enables the O2 to reach the fourth position of the 1,4-pentadiene moiety of the substrate. This
proves that Pa-LOX follows the Ala-Gly concept and shows for the first time the structural
change within the O, tunnel. This tunnel enlargement might explain the improvement in O»
affinity of the Ala420Gly mutant (K,,°2 = 0.2 mM) compared to the wild-type (K,,°? =
0.4 mM). Comparing eukaryotic, bacterial and fungal substrate tunnels reveals similarities and
differences. In most structures, a sn-1 cavity in a U-shape was found, were the bisallylic
methylene of the substrate at the bottom of the U is arranged in close proximity to the active
site. An exception is the cyanobacterial LOX from Cyanothece sp. PCC8801 with a shorter
cavity blocked by bulkier amino acids, which are proposed to rearrange through substrate
binding to open the tunnel. However, the additional sn-2 cavity found in Pa-LOX cannot be
shown for the eukaryotic LOX as this cavity is formed through the contribution of the
additional lid-helices. This structural difference enables Pa-LOX to bind a diglyceride in both
substrate cavities. An enlargement of the substrate tunnel can also be seen in the cyanobacterial
LOX presented before, probably through the additional helical structure in the catalytic

domain.

In bacterial and eukaryotic LOXs an O; access tunnel has been described, whereas a structural
gas tunnel characterisation for cyanobacterial and fungal LOX remains unknown so far. Even
so no O; tunnel was reported in the recently published structure of fungal MnLOX from
Magnaporthe oryzae Caver 3.0 calculations revealed a gas tunnel close to the position of the
other described tunnels, but with a different location of the tunnel entrance (Figure 35).
Compared to the relatively conserved substrate tunnel, the gas tunnel seems to show greater
differences in volume, length or the position of the tunnel entrance between organisms. Further
on, crystal structures are static models of the studied enzyme and therefore MD simulations

may reveal the existence of further transient gas tunnels.

Especially as Pseudomonas aeruginosa being a human pathogen, understanding the
characteristics of the substrate and gas tunnels and the structure near the active site opens

opportunities in searching for possible inhibitory drug targets. Inhibitors described so far in
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human leukocyte 12-lipoxygenase'?®, rabbit reticulocyte 15-LOX-1 and human 15-LOX-2%
are all bound to the substrate snl-cavity blocking the active site. Defining the structure and

characteristics of the Oz access tunnel could promote the search for different types of LOX

inhibitors.

bacterial LOX (1.48 A) fungal LOX (2.04 A)
Pseudomonas aeruginosa Magnaporthe oryzae
PDB entry 5FNO

PDB entry 5IR4

Figure 35: Comparison putative Oz access tunnel of superposed Pa-LOX (left) and MnLOX (right). The
protein matrix of Pa-LOX and MnLOX are depicted in ribbon representation in green and orange, respectively.
Both active site amino acids are shown in sticks with the metal ions in orange and purple sphere for Fe and Mn,
respectively. The active site water molecule (hydroxyl) is illustrated as cyan sphere. The tunnel system is
calculated as grey surface in PyMOL and the putative O, access path is calculated with the program Caver 3.0
and shown as chain of spheres in red and green for Pa-LOX and fungal MnLOX, respectively.
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Figure 1: Overview of active sites of the four hydrogenase classes. All active sites are presented in ball and
stick representation. Fe ions are coloured in orange. Ni is depicted in green. Oxygen, nitrogen and sulfur atoms
are shown in red, blue and yellow, respectively. Carbon atoms are grey spheres. (A) The iron ion in [Fe]
hydrogenases is coordinated by one cysteine, two CO ligands and one iron-guanylylpyridinol cofactor. (B) In
[NiFe] hydrogenases the Ni and Fe are bridged by two cysteines. Further, the Ni is coordinates by two terminal
cysteines, whereas the Fe ion is linked to three inorganic ligands (2x CN-, 1x CO). (C) The H-cluster in [FeFe]
hydrogenases is composed of a 2FeH-site coordinated by three CO ligands, two CN- ligands, a dithiolate-bridge
and a cubane cysteine-linked [4Fe4S]-cluster. (D) In [NiFeSe] hydrogenases one terminal cysteine is exchanged
by a seleno-cysteine compared to [NiFE] NYdrOZENASES. ......ceiiiiiiiiiiiiiiie et e e e e rarr e e e e e e abaraeeeeeeeas 2
Figure 2: Overview of the different subunits of all four [NiFe] hydrogenases expressed in Ralstonia eutropha.
(A) The MBH is composed of three subunits. The large subunit (HoxG, orange square) encloses the [NiFe]
active site. The small subunit (HoxK, blue square) has three [FeS]-clusters (yellow-orange balls) and is linked to
the third subunit (HoxZ, grey square), a membrane integral cytochrome b. The membrane is depicted as paired
chains of beads. (B) The RH consists of three subunits. A large subunit (HoxC, orange square) with the active
site and small subunit (HoxB, blue square) with the electron relay as found in MBH and a histidine protein
kinase as third subunit (HoxJ, grey square). (C) The SH consists of two functional modules: (i) a hydrogenase
dimer composed HoxH with the [NiFe] active site and HoxY with a flavin mononucleotide (FMN) cofactor, (ii) a
NADPH-dehydrogenase dimer composed of HoxU with an [FeS]-cluster electron relay and HoxF with another
[FeS]-cluster plus a FMN cofactor. Further, a Hoxl subunit is bound to the dehydrogenase domain potentially
providing a specific binding domain for NADPH. (D) The AH is composed of three subunits. A large subunit
(HofG, orange square) harbouring the [NiFe] active site, a small subunit (HofK, blue square) with the [FeS]
electron relay and a yet unknown electron acceptor (8rey SQUAIE). ....ccucuieeeeiiieeeeiieeeeeieeeeeireeeeetreeeesireeeeebaeaeeans 4
Figure 3: Catalytic and reactivation cycle of ReMBH. The active site in the three redox states as well as the
proximal [4Fe3S]-cluster are shown as ball and stick. In the catalytic cycle hydrogen gets oxidised to protons
and electrons at the active site. The active site redox states change between the active Nia-C and Nia-S. The
electrons are transferred to the [FeS]-clusters. Additionally, under aerobic conditions the reactivation cycle
takes place. The inactive Ni-B state of the active site includes a bridging hydroxyl ligand. Electrons are
redirected from the [FeS]-clusters to the active site, O is reduced to H.0 and the active site regains the
CatalYLiCally ACHIVE STAE NiaS.0 . c.viiuiieiieiieicieiece ettt ettt ettt ettt et e st e et e et ere e st e st e te st e st e saeereententeeeseesreens 6
Figure 4: Hydrophobic tunnel studies on Oz-sensitive [NiFe]-hydrogenases from D. gigas and D.
fructosovorans. Figure 4 was inherited from Montet et al.2% Both enzymes are depicted in ca-backbone ribbon
representation with the large subunit in magenta and the small subunit in blue. Ni and Fe ions of the active site
are spheres in green and red, respectively. The [FeS]-clusters of the small subunit are shown in red and yellow
sticks, respectively. (a) D. gigas hydrogenase: MD simulation cavity maps with a probe radius of 1.0 Aand 1.6 A

in white and blue, respectively. (b) D. fructosovorans hydrogenase: Xenon (Xe) atoms from crystal
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derivatisiation experiment illustrated in green spheres. Fxe-Fnat difference map of the Xe sites contoured at 4 ¢
L0 I a1 1Y I 4 =TT T 0 L= o TSRS 8
Figure 5: Fatty acids. Saturated fatty acid without carbon-carbon double bonds. (A) Stearic acid. Unsaturated
fatty acids with > 1 carbon-carbon double bonds. (B) Linoleic acid. (C) Arachidonic acid. (D) Phospholipid:
Phosphatidylethanolamine. ...... ... e e e e e e e e e e e st ba e e e e e e e e e ataaaeeaeeesennnnranneas 10
Figure 6: LOX mechanism. In the first step one hydrogen is abstracted from position 3 of the 1,4-pentadiene
moiety of the polyunsaturated fatty acid. Followed by a radical rearrangement within the moiety to position 1
or 5. The molecular oxygen is inserted creating a hydroperoxide radial, which is finally reduced to a

L }YZo ToT X< o)1 Te LT T a1 1o o VA RSSO 11
Figure 7: Regiospecificity of eukaryotic LOXs. (A) Regiospecificity and head-to-tail orientation of plant 9-LOX
and 13-LOX. (B) Mutation of the larger amino acids lle, lle and Phe in mammalian 15-LOX into Ala, Ala and lle
resulted in a 12-LOX activity due to a positional shift of arachidonic acid in the larger cavity. ........cccccceeuunnnneen. 12
Figure 8: S- and R-Configuration in LOX. Figure 8 was inherited from Coffa and Brash.>* Depicted is the 1,4-
pentadine moiety of a PUFA showing the 8,11-double bonds (left) and 11,14-double bonds (right). After the
hydrogen abstraction, the radial rearranges in [+2] or [-2] direction from the bisallylic methylene. The
molecular oxygen can react on the opposite face of the hydrogen abstraction (antarafacial) at either end of the
pentadiene moiety. There is a stereospecific relationship between 85/12R and 8R/12S on the left as well as
11S/15R and 11R/15S 0N the FIGNT. weiivieeiii ettt et ettt et e et e et e e teeesteeeeteeebaeenseeentaeeseeenses 13
Figure 9: (A) Sequence alignment of S-LOX and R-LOX. The overview of a selection of S-LOX and R-LOX shows a
conserved alanine (Ala) or glycine (Gly), resepectively. An exception is mouse platelet S-LOX with a serine (Ser)
at this position. (B) Basis for R- and S-stereospecificity in product formation. The picture shows arachidonic
acid with the tail-first orientation and with the hydrogen abstraction on one face of the substrate. Left: A Gly
residue in the critical position of the active site allows antarafacial oxygenation towards the carboxyl end of
the reactive pentadiene moiety in 8R-configuration. Right: The larger Ala residue blocks the insertion of
molecular oxygen at C8. Antarafacial oxygenation occurs towards the methyl end in the 12S- configuration.
Figure 9 was inherited from Coffa @nd Brash.5® ............ooeoeoiiieieeeeeseeeee ettt re e et reeteereas 13
Figure 10: Overview of domain composition of bacterial and eukaryotic LOX structures. A) Bacterial LOX of
Pseudomonas aeruginosa with the catalytic domain shown as green cartoon and the N-terminal lid-helices in
black. The iron ion of the active site is illustrated as orange sphere. B) Human LOX with the N-terminal PLAT
domain depicted in yellow and the catalytic domain as blue cartoon. The iron ion of the active site is illustrated
as orange sphere. C) Cyanobacterial LOX from Cyanothece sp. PCC8801 with the N-terminal PLAT domain in
magenta and the catalytic domain shown as teal cartoon. An additional helix structure is shown in black. The
iron ion of the active site is illustrated as orange sphere. D) Fungal LOX from Magnaporthe oryzae with a single
catalytic domain depicted as orange cartoon. The manganese ion of the active site is illustrated as purple

Y o] =] TSP URR 15
Figure 11: Core helices of LOXs. All LOX enzymes have a core of four a-helices embedding the active site. Helix

al4 and a7 provide four amino acids (histidine and arginine) as part of the iron coordination sphere. Helix a8
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has an “arched” conformation in all LOXs and defines the bottom of the substrate cavity. Finally, the
penultimate helix is close to the substrate cavity entrance and might play a role in substrate coordination. ... 16
Figure 12: Pa-LOX active site. The iron ion in the Pa-LOX active site is coordinated by three histidines, one
asparagine, the C-terminal isoleucine and a water molecule (hydroxyl) occupying the sixth position in the
(oYU e [o oot ¢=1 Y=o = | I =d=YoT o 0 1=1 { V28U 16
Figure 13: Substrate tunnels in eukaryotic and prokaryotic LOXs. Substrate tunnels are depicted as grey
surface using the program PyMOL. The active site metal ion, Fe or Mn, are illustrated as spheres in orange or
purple, respectively and are coordinated by the active site amino acids shown as sticks. Possible tunnel access
paths are indicated by black arrows A) The sn-1 and sn-2 cavity of the substrate tunnel from bacterial Pa-LOX
shows a bound phospholipide in purple sticks. The possible Oz access tunnel is shown on the left. B) Human
Lox has a substrate mimic bound to the substrate cavity shown in yellow sticks. The putative Oz access tunnel
is indicated on the left. C) Cyanobacterial LOX from Cyanothece sp. PC8801 shows an empty substrate tunnel
in the structure with the PDB entry 5EK8 without the universally present U-shape. D) The fungal LOX from
Magnaporthe oryzae shows the typical U-shaped substrate tunnel, however, no O; access tunnel has been
FOUNGD SO Far. ettt s bt e bt e s bt e bt e s ab e e e bt e e s ab e e e bt e e sabe e beeesabeeaneeesaneenneeas 18
Figure 14: Schematic representation of a protein with a channel/pore (1), a tunnel (2), a buried cavity (3) and
a surface cleft/groove (4). Figure 14 was inherited from Brezovsky et al.®® Void interior is light purple, channel
and tunnel entrance is dark purple, channel- and tunnel-lining residues are in black and bottleneck residues
are in red. Arrows indicate a bottleneck. The red dot in the buried cavity represents the starting point for the
EUNNEL CAICUIATION. Lottt et ettt st r et en e e n e s smeesreenneenes 20
Figure 15: Open and closed state of the substrate tunnel of glucosamine 6-phosphate synthase. Figure 15
was inherited from Stéphane Mouilleron et al.”® Superposition of the open and closed position of Trp-74
triggered (orange and blue sticks, respectively) through binding of 6-diazo-5-oxo-L-nor- leucine, a glutamine
affinity analog and Fru6P. The accessible surface of the tunnel was calculated with PyMOL (probe radius of 1.4
A) and is represented as a surface mesh. Water molecules are depicted as red spheres. ........cccooeeeeeeeerrvennne. 21
Figure 16: Hydrophobic substrate tunnels of bacterial wild-type lipoxygenase from Pseudomonas
aeruginosa. Protein ca-backbone depicted as orange ribbon. Internal surface calculations with PyMOL are
shown in grey. Oz tunnel calculations with Caver 3.0 are illustrated as blue spheres. Substrate sn-1 and sn-2
cavity are occupied by the endogenous ligand phosphatidylethanolamine. All tunnels are indicated by black
arrows. The active site iron ion and the coordinating water molecule are depicted as orange and cyan spheres,
(LT o =Tot A1) 1Y 2SS UUU 22
Figure 17: Voronoi diagram (A), Voronoi diagram with Delaunay triangulation (B) and 2D Voronoi diagram
for tunnel search in proteins (C). Figure 17 A+B are inherited and modified from Franz Aurenhammer.® Figure
17 Cis inherited and modified from Martin Petfek et al.8? (A) shows a Voronoi diagram with 8 sites, 8 regions,
8 vertices and the corresponding edges. (B) shows a Delaunay triangulation of the Voronoi diagram from A
with Delaunay triangles (one Delaunay triangle is marked in green) connecting three sites and a red

circumcircle of a Delaunay triangle. (C) The scheme shows a 2D Voronoi diagram of a molecule presented as
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atoms (spheres). The edges (thin lines) are evaluated by the cost function (numbers) with the ideal path (thick
centreline) found by the Dijkstra’s algorithm. The starting point is marked as purple circle. .......ccccccecvveernnenn. 24
Figure 18: Tunnel network of ReMBH. The large and small subunits of ReMBH are depicted as ribbon in green
and blue, respectively. The initial starting point for the Caver 3.0 tunnel calculations is the highly conserved
R530. (green sticks). The calculated tunnels are shown in chains of spheres in orange for gas tunnel A and
green for gas tunnel B. Water molecules are illustrated as blue spheres with a high occupancy in the water
channel. The [NiFe] active site as well as the [FeS]-clusters are in ball and stick representation. The proposed
direction of the gas substrate and the water product are indicated as arrows in black and blue, respectively..25
Figure 19: Workflow of structure determination from an example protein of this study. The flow chart shows
the plate shaped crystal from Pa-LOX (lipoxygenase from Pseudomonas aeruginosa), followed by its diffraction
patter received during data collection. After Fourier transformation, the protein was modelled into the
calculated electron density map resulting in a 3D protein structure of Pa-LOX (PDB entry 5IR4).%%................... 26
Figure 20: Protein crystallisation diagram. The diagram shows three phases. (1) In the stable phase the

protein is in solution. (2) The metastable/ nucleation phase, where the supersaturation of the protein leads to
spontaneous formation of crystallisation nuclei (homogenous nucleation). In the lower supersaturated phase
heterogenous nucleation takes place. This, however, requires seeds for crystal growth for example
microcrystals. (3) If protein or precipitant reaching a high concentration and crossing the instability curve the
protein will precipitate (unstable phase). The protein is depicted as ribbon in green. Water molecules are
shown as blue spheres and precipitant as orange trianNgIes. ......c.uvivciieieciee e 28
Figure 21: Crystallisation techniques. The most common crystallisations methods are vapour diffusion as
sitting or hanging drop, microbatch under oil or microdialysis. The precipitant solution is shown in blue. The
protein/precipitant solution is depicted as blue-orange-striped drop. The grey area in the microbatch method
illustrates the oil used to cover the crystallisation drop. .......cccceieicieei i e e 29
Figure 22: Bragg diffraction. Schematic interpretation of Bragg’s law with X-ray diffraction at two distinct
lattice planes (blue dashed lines) with d as interplanar distance (red line), the scattering angle 6 and the path
difference 2d sin 6 (blue double arrow). The green line and arrows illustrate the incident and scattered
electromagnetic waves. The black spheres depict the schematic positions of atoms in the crystal lattice. ....... 30
Figure 23: Ewald Construction. When the X-ray (incident) beam impinges on the protein crystal (purple) the
photons are scattered at the electrons of the amino acid atoms. Reflections can be detected when the
reciprocal lattice points (green spheres) cross the Ewald sphere, which is given when the Bragg’s law is
fulfilled. During data collection the crystal will be rotated to collect a full data set of the protein crystal. The
size of the Ewald sphere depends on the wavelength of the X-ray beam (1/A)....ccccovveeviiiirieeiieeirieccree e, 30
Figure 24: A) Argand diagram for SIR. B) Harker construction for SIR. C) Harker diagram for MIR with two
heavy-atom derivatives. The reflection amplitudes are |Fr| for the native crystal, | Fen| for the heavy atom
derivative crystal and |Fu| for the isomorphous difference. The reflection phases are |ar| for the native
crystal, |apn| for the heavy atom derivative crystal and |an| for the isomorphous difference. Both possible
solutions occur for the native crystal |Fp| were the two circles intersect. To overcome this phase ambiguity a

second heavy atom |Fpz2| in @ MIR experiment can be introduced making only one solution possible.®? ......... 33
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Figure 25: (A) Friedel’s law. All members of a Friedel pair have an equal amplitude ((|Fr| = (|Fr]), but an
opposite phase (¢ =-¢). (B) Breakdown of Friedel’s law. Structure factor amplitudes of the derivatised crystal
(Fpr) and the anomalous scatterer (Fu). (C) MAD phasing. All four wavelengths are marked for data set
collecting in a MAD experiment on the example of a krypton fluorescence scan (theoretical values calculated
using http://skuld.bmsc.washington.edu/scatter, 18.12.2016). ......cccccueeviurerreeereeetreeereesteeeereestreeeseeesteeeeseeennns 35
Figure 26: Wild-type ReMBH crystal in a nylon loop. The ReMBH crystal is mounted at a synchrotron beamline
(U0 e 1=T T 8 TP TSP PP P RO PP OPPTRPRON 37
Figure 27: Photograph of high-pressure cooling device. Figure 27 was inherited from van der Linden et al.1**
(a) shows the Helium (He) cylinder followed by a two-stage compressor. (b) shows the cooling bench, with four
sample drop tubes (250 mm length, 2.4 mm diameter). It also provides a Xe/Kr cylinder for noble gas

(o LT RN LYl o] L=] o X- 1 =Y [ ] o U UUUR 40
Figure 28: Oz derivatised ReMBH in a capillary. The derivatised ReMBH crystal is mounted in the capillary at a
SYNChrotron BeamMIING UNAEN LIN2....c.iiiiieiiiiiiie ettt ettt sttt sttt st e st e sabe e sbe e sabeeebeesabeesabeesabeesareesas 40
Figure 29: Plate-shaped crystals of Pa-LOX. Pa-LOX crystals in a vapour diffusion sitting drop after
Yol e 1=T=To oY= AP UUT 43
Figure 30: EcHyd-1 proximal cluster structures. (A) As-isloated state of EcHyd-1 with two alternative
conformations of E76. The iron ions are depicted as spheres with their anomalous difference electron density
peaks (purple mesh) contoured at 5 6. The E76 omit map is shown as light blue mesh and contoured at 8 o.
The schematic representation illustrates the double conformation of Fe4 in the cluster plus the two alternative
positions of E76. (B) The 4-OH-1,4-naphthoquinone/ferricyanide-oxidized structure shows the alternative
positions of both Fe4 and E76. The iron peaks (purple mesh) and the omit map (light blue mesh) are contoured
At the 6 0 aNd 9 G, FESPECLIVEIY. «.uuiiiiieii i e e e et e e e e e e et tb e e e e e e sesastaeeeeeeeessnntaaseeaeseannnees 147
Figure 31: Possible mutational alterations at the hydrophobic tunnel network of O>-sensitive [NiFe]
hydrogenase from Desulfovibrio vulgaris Miyazaki F. The protein ca backbone is shown as blue ribbon
representation. The [NiFe] active site is illustrated as ball and stick and the conserved arginine 479, (initial
starting point in Caver 3.0 calculation) as stick. The grey tunnel surface was calculated in PyMOL. The [FeS]-
clusters in the small subunit are shown as ball and stick representation in yellow and orange for the sulfur
atoms and iron ions, respectively. The routes of the gas molecules in tunnel A - E, are indicated as black dashed
arrows. Possible mutation sites for closing the tunnels are shown as red Cross. .......cccceccviieeeeeeeiiciiiieeeeeeeeenns 148
Figure 32: Possible mutational alterations at the hydrophobic tunnel network of O>-tolerant ReMBH. The
small and large subunits are shown in blue and green ribbon representation of the ca backbone, respectively.
The [NiFe] active site is illustrated as ball and stick and the conserved arginine 530, (initial starting point in
Caver 3.0 calculation) as stick. The grey tunnel surface was calculated in PyMOL. Water molecules as depicted
as blue spheres. The bottleneck of tunnel B is composed of amino acids A127,, V131, and A202. (red sticks).
The routes of the gas molecules in both, tunnel A and B, are indicated as black dashed arrows. Possible
mutation sites for opening or closing the tunnels are shown as green tick or red cross, respectively.............. 149
Figure 33: Calculated probability density maps of potential H2 molecules. Figure 33 was inherited from

Baltazar et al.'?? The binuclear active site of D. baculatum (a) and D. gigas (b) are shown in ball and stick with
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the Fe ion in red, the Niion in light blue, sulfur in yellow and selenium in orange. The probability Hz density is
depicted as grey mesh. The crystallographic structure is represented as a surface. The cavities surrounding
amino acids and the conserved arginine are illustrated in sticks. Cavities of higher Hz density in D. baculatum
Are NAMEA D4 N DB. ...cooniieiiieiieeeee ettt sttt sttt bt e st e s b e e e a bt e sab e e a bt e sab e e e at e e sabe e neeenareeaneeas 150
Figure 34: Pa-LOX outlook. Pa-LOX protein a-carbon backbone depicted as orange ribbon. The tunnel network
is shown as grey surface calculated with the program PyMOL. The active site non-heme iron and the water
molecule (hydroxyl) are illustrated as spheres in orange and cyan, respectively. Possible future Pa-LOX
experiments: (i) crystal derivatisation with krypton (Kr) and molecular oxygen (0), (ii) mutations to block the
substrate cavities and the O2 access tunnel and (iii) various substrate binding studies. .......cc.ccccvveercieiriieennnen. 153
Figure 35: Comparison putative Oz access tunnel from Pa-LOX (left) and MnLOX (right). The protein matrix of
Pa-LOX and MnLOX are depicted in ribbon representation in green and orange, respectively. Both active site
amino acids are shown in sticks with the metal ions in orange and purple sphere for Fe and Mn, respectively.
The active site water molecule (hydroxyl) is illustrated as cyan sphere. The tunnel system is calculated as grey
surface in PyMOL and the putative O2 access path is calculated with the program Caver 3.0 and shown as chain

of spheres in red and green for Pa-LOX and fungal MnLOX, respectively. .......ccccoueerieiieeiiiieiee e 155
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