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Introduction




Hydrogen is one of the most common elements on Earth.

In Bacteria, Archaea, and lower eukaryotes, hydrogen plays a central role for metabolic processes.

The enzymes converting molecular hydrogen into protons and
electrons are the hydrogenases.
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Types of hydrogenases (according to catalytic center):
(1) [NiFe]-hydrogenases (associated with hydrogen sensing and consumption)

(11) [FeFe]-hydrogenases (the socalled hydrogen-evolving hydrogenases)

(111) [Fe]-hydrogenases  (involved in methanogenesis)

enrichment and isolation of hydrogen-oxidizing microorganisms or metagenomic sequencing
disadvantage: the majority of microorganisms are currently not culturable (>99%);

sequence-based analyses cannot aid in discovering new hydrogenases.

activity-based screen for seeking H,-uptake enzymes from metagenomes
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In hydrothermal vent systems (#4155 11) hydrogen can be highly enriched in the emitted
fluids because of serpentinization processes (rock water interactions) or magma degassing.

Here microbial hydrogen oxidation can be vital for providing energy to fuel autotrophic carbon
fixation.

Steep thermal (4 °C to several 100 s °C) and chemical (oxic to anoxic) gradients.
A broad repertoire of hydrogen-oxidizing microorganisms producing enzymes with distinct
biochemical properties can be expected.




Generally, a high diversity among membrane-bound H,-uptake [NiFe]-hydrogenases can be observed in
hydrothermal fluids , but it has remained unresolved whether these hydrogenases are indeed functional.

activity-based screen to seek H,-uptake enzymes from fosmid metagenomic libraries

Shewanella oneidensis MR-1 (S. oneidensis AhyaB) [NiFe]- hydrogenase deletion mutant

+

an H,-uptake active metagenomic fosmid clone

|

Restore the original phenotype. It makes use of S. oneidensis MR-1’s ability to couple hydrogen
oxidation (catalyzed by the [NiFe]-hydrogenase HyaA/HyaB) with the reduction of Fe(III)citrate to
Fe(Il)citrate.

The Fe(III) reduction reaction results in a color change (from yellow to colorless) of FW medium.




Activity-Based Screening of Metagenomic Libraries for
Hydrogenase Enzymes

#H Springer | V%0 ®EE 1

{E&= : Nicole Adam , Mirjam Perner

= : Abstract Here we outline how to identify hydrogenase enzymes from metagenomic libraries through an activity-
based screening approach. A metagenomic fosmid library is constructed in E. coli and the fosmids are transferred
into a hydrogenase deletion mutant of Shewanella oneidensis (AhyaB) via triparental mating. If a fosmid exhibits
hydrogen uptake activity, 5. oneidensis’ phenotype is restored and hydrogenase activity is indicated by a color

change of the medium from yellow to colorless. This new method enables screening of 48 metagenomic fosmid

clones in parallel. WrEd
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Materials and methods




TEST ACTIVITY-BASED SCREEN

DNA extraction from

Cultured isolates Deep-sea hydrothermal vents
(genome) (metagenome)

amplification entire genome whole genome
of hyaAB (incl. hydrogenase amplification
genes gene cluster) of metagenomic

i ECNYYS oA

(D MR R G B AR TR ey R e Cii) N b T 72 2 I 41

EAE 7 B+ T H, - Il fosmid X H T S HRE4HH, K
e SE BRI BE 9+ I

e —1 - . s : iy ;

H&/! !\ < j EI(J 1\ H H& transfer of fosmids from E. coli into S. oneidensis AhyaB (via
(9 / I H ) - ~ K triparental mating)
activity-based screen for hydrogen-uptake active fosmid clones

J

sequencing of
metagenomic

determination of hydrogen

hydrogen- consumption
uptake activity measurements
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Cultivation of tested strains and DNA extraction

Cloning of [NiFe]-hydrogenase genes

Sampling of hydrothermal environments and isolation of metagenomic DNA

Construction of (meta)genomic fosmid libraries
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Fosmid libraries were created using genomic DNA from E. coli K-12, §.
oneidensis MR-1, P. leiognathi L1, W. succinogenes DSM 1740, S. denitrificans
DSM1251, R. capsulatus SB1003, D. vulgaris Hildenborough, and T.
denitrificans AB7 as well as metagenomic DNA from the three vent

environments. Repeated attempts to construct a genomic library for A. aeolicus

failed.
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PCR-based identification of [NiFe]-hydrogenase genes in (meta)genomic

fosmid libraries

Function-based screen for H,-uptake active enzymes

Preparation of crude cell extracts and partial purification of recombinant H,-

uptake active enzymes

H,-uptake enzyme activity assay
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Hydrogen consumption measurements

Sequencing and sequence analysis of the metagenomic fragments

Data availability
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Results and discussion




A novel activity-based screen for recovering H,- uptake active enzymes from metagenomes

1 25°C
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Due to the highly specific maturation apparatus of hydrogenases, the heterologous expression
of functional recombinant hydrogenases often fails.

For each tested 1solate we expressed the hyaAB genes (in case of S. denitrificans only hyaB
was used) only or the entire hydrogenase gene cluster to elucidate whether (1) functional
hydrogenases could be produced in our host and (i1) genes from the hydrogenase gene cluster
were needed for expressing a functional structural hydrogenase.

Our complementation experiments demonstrated that the heterologous expression of different
proteobacterial [NiFe]-hydrogenases in a hyaB deletion mutant of S. oneidensis is possible and
can produce H,-uptake active enzymes.




Seeking H,-uptake active enzymes from hydrothermal vent metagenomes

Sisters Peak chimney C/HA])

hydrothermal fluids emanating from a crater (:K1L171) at Nibelungen

low-temperature fluids from the Lilliput field along the southern Mid-Atlantic Ridge

Each library consisted of 4800 fosmid clones. Of the 14400 screened clones, 4 clones
exhibited H,-uptake activity, which equals a hit rate of 1:3600 clones.




H,-uptake active enzymes from hydrothermal vent metagenomes

Supplementary Table S3: Environmental properties from the examined hydrothermal vent

habitats.
two clones one clone one clone
Sisters Peak Nibelungen Lilliput
massive sulfide . . .
sample tvpe fock) fluid diffuse fluid
fluid temperature 400°C 120°C i B
most abundant electron donor H:S5 H2: H:S
H: concentration [uM)] 1600 22 0o

Properties are taken from Pemer et al (2013) (Nibelungen and Lilliput), Pemer et al (2014)

{Sisters Peak) and references therein.




H, uptake activity (nmol H, min” mg™)

H,-uptake active enzymes from hydrothermal vent metagenomes

25°C 95°C

w
o
o

257.6+18.5 may be related to the temperatures of the habitats
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previously report:
150 A H,-uptake activities determined from
recombinant [NiFe]-hydrogenases displayed a

100 - 3+3. . . .o i
66.4 £13.0 relatively wide range of activities, 1.e. 3.75 nmol

50 H,/min/mg of total protein, 150 and 444 nmol
Y R — — H,/min/mg of partially purified proteins.
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H, consumption (%)

20

15 |

10 -

— HEE Sisters Peak clones

H,-uptake active enzymes from hydrothermal vent metagenomes

3 negative control
positive control
B Nibelungen clones

B Lilliput clones
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14.4+4.2%

a 80:20 H,:CO, gas mixture after 3 weeks

previously report:

The Epsilonproteobacterium Sulfurimonas
denitrificans, for example, consumes 51 and
26% hydrogen of the 80:20 H,:CO, gas mix
within 14 days of incubation without or with
added thiosulfate(fif S B2 £8), respectively.




Sequencing the metagenomic DNA fragments

Four H,- uptake active S. oneidensis AhyaB fosmid clones, namely SP11A2, SP11F2,
Nib22ES, and Lilli33G1 (the latter was also detected by sequence-based approach).

BLASTP

SP11A2: 49-68% AA similarity

SP11F2: no significant hit or 27-38% AA similarity

Nib22ES: no significant hit or 34-56% AA similarity

Lilli33G1: 99% similarity to the [NiFe]- hydrogenase from W. succinogenes

new enzymes




Sequencing the metagenomic DNA fragments

a) SP11A2

Jlk_bp| hypothetical protein [Nautilia profundicola], max. identity 52%
{‘jﬁa deiﬂ‘erent orfs with no significant similarity
« RepB family plasmid replication initiator protein [Francisella tularensis], max. identity 39%
hypothetical protein [Arcobacter anaerophilus], max. identity 56%
hypothetical protein [Hydrogenimonas thermophila], max. identity 46%
hypothetical protein [Sulfurospirillum cavolei], max. identity 34%

MULTISPECIES: LysR family transcriptional regulator [Pseudomonas], max. identity 35%

PacBio RII sequencing




Sequencing the metagenomic DNA fragments

b) SP11F2

repeat1 repeat 1 repeat 1 repeat 1

Likbs - helix-turn-helix domain-containing protein [Ammaonifex degensii], max. identity 49%
hypothetical protein B1IH03_06775 [Planctomycetales bacterium 4484 _113], max. identity 49%
b.b different orfs with highest similarity to hypothetical proteins [Desulfurobacterium atlanticum], max. identity 68%

DUF2283 domain-containing protein [Thermosulfidibacter takaii], mayx. identity 57%

PacBio RII sequencing




Sequencing the metagenomic DNA fragments

c) Nib22E5

|1 khEI different orfs with no significant similarity
epimerase [Curvibacter gracilis], max. identity 32%
MULTISPECIES: NAD(P)/FAD-dependent oxidoreductase [Mycobacterium], max. identity 38%

purine nucleoside phosphorylase DeoD-type [Clostridium sp. CAG:288), max, identity 27%

PacBio RII sequencing




Sequencing the metagenomic DNA fragments

d) Lilli33G1
—0 @000 00 D000 000

lkh;'zl guinone-reactive Ni/Fe-hydrogenase large chain [Wolinella succinogenes], max. identity 99%

aminoglycoside-{3)-N-acetyltransferase [Serratia marcescens], max. identity 100%

no significant similarity
putative Rep protein [Circovirus-like genome RW-A], max. identity 39%
E:’ carbohydrate ABC transporter, N-acetylglucosamine/diacetylchitobiose-binding protein [Knoellia sinensis], max. identity 32%

[ ) putative viral capsid [Circoviridae 4 LDMD-2013], max. identity 26%
) putative viral capsid [Circoviridae 21 LDMD-2013], max. identity 42%

‘ putative replication protein [uncultured virus], max. identity 36%

PacBio RII sequencing
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Conclusion




hydrogen-converting organisms and their enzymes

our ability to culture the microorganisms

metagenomic and transcriptomic sequences is restricted by the genes and respective products

activity-based screens
not all bacterial and archaeal hydrogenases can be identified with the host—vector system

used here.

currently the only way to identify and recover novel enzymes capable of hydrogen

conversion from uncultured organisms.
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[Fe]-hydrogenases - uncommon hydrogenase
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[NiFe]- and [FeFe]- hydrogenases - typical hydrogenase
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