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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 Ojsensitive [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.? 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
(DA).®T 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”."8! 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 12 A (37.5%) and 1.3 A

gas tunnel B
ReMBH
T
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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 S3).?*! 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, 1/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.P’”! A detailed description of all experiments can be
found in the Supporting Information.
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