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Abstract

In times of global climate change and the fear of dwindling resources, we are facing different considerable challenges such as the
replacement of fossil fuel-based energy carriers with the coincident maintenance of the increasing energy supply of our growing
world population. Therefore, CO, capturing and H, storing solutions are urgently needed. In this study, we demonstrate the
production of a functional and biotechnological interesting enzyme complex from acetogenic bacteria, the hydrogen-dependent
CO, reductase (HDCR), in the well-known model organism Escherichia coli. We identified the metabolic bottlenecks of the host
organisms for the production of the HDCR enzyme complex. Here we show that the recombinant expression of a heterologous
enzyme complex transforms E. coli into a whole-cell biocatalyst for hydrogen-driven CO, reduction to formate without the need
of any external co-factors or endogenous enzymes in the reaction process. This shifts the industrial platform organism E. coli

more and more into the focus as biocatalyst for CO,-capturing and H,-storage.

Key points

* A functional HDCR enzyme complex was heterologously produced in E. coli.
* The metabolic bottlenecks for HDCR production were identified.
* HDCR enabled E. coli cell to capture and store H, and CO, in the form of formate.

Keywords Biocatalysis - Heterologous enzyme production - Hydrogen-dependent CO, reductase - Acetobacterium woodii - CO,

capture

Introduction

In times of global warming, the increase in atmospheric CO,
must be reduced and to reach the ambitious goal, carbon cap-
ture and storage (CCS) or utilization (CCU) is essential. In
addition to chemical processes for CCS, biological solutions
apply (Cheah et al. 2016; Kumar et al. 2018; Patel et al. 2017).
Indeed, physiologically different bacteria and archaea from
very different phylogenetic clades are known to reduce carbon
dioxide (Berg 2011; Drake et al. 2006; Kleinsteuber et al.
2012). To date, seven pathways are known for the biological
reduction of CO, (Berg 2011; Fuchs 2011) and whereas all
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others have a demand for ATP hydrolysis the
Wood-Ljungdahl pathway of CO, fixation (Ljungdahl 1994;
Poehlein et al. 2012; Schuchmann and Miiller 2014) as cata-
lyzed by acetogenic bacteria is energy neutral. This pathway
also captures hydrogen as electron donor for CO, reduction. It
has two branches that each start with the reduction of CO,. In
the carbonyl branch, CO, is reduced to CO by the enzyme CO
dehydrogenase/acetyl-CoA synthase (CODH/ACS) and in the
methyl branch, CO, is reduced to formate by a class of en-
zymes called formate dehydrogenases (Ljungdahl 1986;
Ragsdale 2008). Formate dehydrogenases are well known
from prokaryotes as well as eukaryotes (Maia et al. 2015). In
most cases, the physiological function of the enzyme is to
oxidize formate. Due to the low redox potential of the for-
mate/CO, couple (E” = -432mV), NAD" reduction is possi-
ble and common. In contrast, formate dehydrogenases that
operate in the reductive reaction need stronger reducing con-
ditions such as a high NADPH/NADP™ ratio or reduced fer-
redoxin (Scherer and Thauer 1978; Wang et al. 2013;
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Yamamoto et al. 1983). Anyhow, the enzyme requires a sol-
uble cofactor that must be reduced by hydrogen by at least one
other enzyme. In contrast to the classical formate dehydroge-
nases, some acetogenic bacteria have a different enzyme that
directly uses molecular hydrogen as reductant for CO, reduc-
tion, the so-called hydrogen-dependent CO, reductase
(HDCR) (Schuchmann and Miiller 2013; Schwarz et al.
2018). This soluble enzyme complex has been characterized
from a mesophilic (Acetobacterium woodii) and a thermophil-
ic (Thermoanaerobacter kivui) species (Schuchmann and
Miiller 2013; Schwarz et al. 2018). The HDCR gene cluster
of A. woodii consists of seven genes, containing two isogenes
coding for a formate dehydrogenase subunit (FdhF1, FdhF2),
a [FeFe]-hydrogenase subunit (HydA2), three putative
electron-transferring subunits (HycB1/B2/B3), and a putative
formate dehydrogenase maturation protein (FdhD)

(Schuchmann and Miiller 2013) (Fig. 1a). The two variants
of the formate dehydrogenase subunits only differ by the pres-
ence of cysteine (FdhF1) or selenocysteine (FdhF2) in the
subunit. Both formate dehydrogenases belong to the
dimethylsulfoxide reductase (DMSOR) family and harbor a
molybdenum-bis pyranopterin guanosine dinucleotide
(Mo-bisPGD) cofactor in their active site. The second catalyt-
ic subunit belongs to the class of [FeFe]-hydrogenases and has
a typical [H]-cluster in its active site. Furthermore, the HDCR
enzyme complex contains 12 [4Fe4S]-clusters (ISCs) which,
most likely, connect the two catalytic subunits of formate
dehydrogenase and hydrogenase channeling the electrons
from one active site to the other (Fig. 1b) (Schuchmann and
Miiller 2013). The HDCRs from 7. kivui and A. woodii have
the highest CO, reduction rates with hydrogen as reductant
ever reported for a biological system and are orders of

Fig. 1 Plasmids and strategy for a b
heterglogous production of a Awo_c08190 Ao, 008200 Awo_c08250 Ao, c06260
functional HDCR complex in I M DD - D) S S
E. coli. (a) The pETDuet plasmid por-alhoath - '
was used to express all four rele- fdhF1  hycB1 - fdhF2 hycB2-fdhDhycB3 hydA2 hydG  hydX': hydE hydF
vant HDCR genes and (b) the
pACYCDuet plasmid encoded
«—>
[FeFe]-hydrogenase maturases 1kb
from S. oneidensis leading to the
production of a functional HDCR Z;Z IT ;;f; 7 LT.::; Z;’Z; 17T
complex. HydE/F/G, [FeFe]-hy- s |, 2 D oD HC= O = D
drogenase maturases genes of S. MCS-1 MCS-1 MCS-2 mcs2 MCS-1 MCS-1  MCS-2 MCSs-2
oneidensis; fdhF 1, formate dehy-
drogenase (cysteine containing) 5
gen; hydA2, [FeFe]-hydrogenase pETDuet h pACYCDuet
gene; hycB1/B3, genes coding for < 06&
putative electron-transferring ~ & %, i
subunits. Source: icon was de- v - ) /
signed by Freepik from www. p159"
flaticon.com - ~
E. coli cell
transformation \ @ /’ transformation
HDCR overproduction
v
HycB2
co, FdhF2 o H,
TS ’ HydA2
SO
Mo % g & e H
molybdopterin %6‘ ; ¢ ~‘25,, o
Formate 2 H*

@ Springer


http://www.flaticon.com
http://www.flaticon.com

Appl Microbiol Biotechnol (2021) 105:5861-5872

5863

magnitude more efficient than any chemical catalyst (Miiller
2019). This makes them promising candidates for biocatalysts
in hydrogen storage and carbon capture. Due to the oxygen
sensitivity of the enzyme, we developed a whole-cell system
with both species that efficiently converts hydrogen and car-
bon dioxide to formate and vice versa (Kottenhahn et al. 2018;
Schuchmann and Miiller 2013; Schwarz and Miiller 2020;
Schwarz et al. 2021). The formate produced by these
biocatalysts can then be fed to different formatotrophic bacte-
ria to produce value-added compounds (Claassens et al. 2019;
Hwang et al. 2020; Li et al. 2012; Yishai et al. 2016).
Recently, the industrial platform organism Escherichia
coli was genetically engineered to use formate as carbon
and energy source (Kim et al. 2020) opening the door for
the production of a wide range of value-added compounds.
We aimed to genetically engineer E. coli to produce for-
mate from hydrogen and carbon dioxide by the HDCR
from the mesophilic acetogen A. woodii. Since E. coli al-
ready encodes three Mo-bis PGD-containing formate de-
hydrogenases (Maia et al. 2015; Sawers 1994), we expect-
ed that E. coli contains the necessary biosynthetic pathway
and maturation system for the correct incorporation of the
molybdenum cofactor (Moco) into the formate dehydroge-
nase subunit of the HDCR. The E. coli proteins FdhD and
FdhE which have been proposed to have a chaperone-like
function and are involved in the synthesis of functional
formate dehydrogenases in E. coli (Hartmann et al. 2014;
Schlindwein et al. 1990) have similarities of 44.9% and
41.6%, respectively, to the putative formate dehydroge-
nase maturation protein FdhD of A. woodii. That FdhD
from E. coli is capable of replacing maturation proteins
with similar roles from other species was already shown
for the FdsC maturation protein of the formate dehydroge-
nase of Rhodobacter capsulatus (Hartmann and
Leimkiihler 2013; Hartmann et al. 2014). But unlike the
natural occurrence of formate dehydrogenases in the me-
tabolism of E. coli, the organism does not contain any
[FeFe]-hydrogenase (Forzi and Sawers 2007; Sargent
2016). This has to be taken into account, since
[FeFe]-hydrogenases require accessory proteins for correct
assembly and insertion of the [H]-cluster into the active
site of the hydrogenase (Lubitz et al. 2014; Mulder et al.
2011). The maturase proteins HydE, HydF, and HydG
seem to be conserved in all [FeFe]-hydrogenase-producing
organisms (Meyer 2007). In a previous study, the success-
ful production of functional [FeFe]-hydrogenases from
Chlamydomonas reinhardtii and Clostridium
pasteurianum was shown for E. coli by using the
native maturases (HydE, HydF, HydG) of Shewanella
oneidensis (Kuchenreuther et al. 2010). Additionally,
[FeFe]-hydrogenases and the maturase proteins require
FeS-cluster (Brazzolotto et al. 2006; Rubach et al. 2005).
Considering all these aspects, we started out to establish

the heterologous overproduction of the HDCR from
A. woodii in E. coli.

Materials and methods
Plasmid design

To express a functional HDCR Complex, the A. woodii fdhF1
(Awo ¢c08190), hydA2 (Awo c08260), hycBlI
(Awo_c08200), and AycB3 (Awo_c08250) genes as well as
the hydGX (HM357717.1, AAN56899) and hydEF
(HM357715.1, HM357716.1) encoding the S. oneidensis hy-
drogenase maturases were cloned in two different vectors. The
maturase expression construct was designed according to the
procedure of Kuchenreuther et al. (2009) and was cloned on
the pACYCDuet-1 vector (Novagene, Merck, Darmstadt).
The genes of A. woodii (DSM 1030) coding for the subunits
of'the HDCR were cloned on a pETDuet-1 vector (Novagene,
Merck, Darmstadt) and the coding sequence for a C-terminal
His-tag extension at the hydrogenase subunit was added.

Organisms and cultivation

For the recombinant expression in E. coli BL21(DE3) AiscR
(Akhtar and Jones 2008) and E. coli IM109(DE3) (Promega,
Madison, USA), the cells were transformed with the
pETDuet-HycB3-HydA2 His-FdhFI1-HycBI and the
pACYCDuet-GXEF plasmids. For the expression of the
HDCR in E. coli BL21(DE3) AiscR, cells were first grown
aerobically in LB Miller growth medium (10 g/l tryptone; 5 g/l
yeast extract; 10 g/l NaCl; 100 mM 3-(N-morpholino)
propanesulfonic acid (MOPS), pH 7.4). The medium was sup-
plemented with kanamycin (50 pg/ml), ampicillin (100
pg/ml), chloramphenicol (30 pg/ml), 25 mM glucose, 2 mM
ferric ammonium citrate, and 1 mM sodium molybdate ac-
cording to the procedure of Kuchenreuther et al. (2010). The
non-recombinant control strain E. coli BL21(DE3) AiscR was
handled under the same conditions. For the production of the
HDCR in E. coli IM109(DE3), the cells were grown in ZYP
medium pH 7.4 according to the procedure of Studier (2005)
and supplemented in the same way as described above but
without addition of kanamycin. Cultures were grown aerobi-
cally at 37 °C to an ODggo of 0.3—0.5 then transferred into
glass flasks (Schott AG, Mainz, Germany) and switched to
anaerobic metabolism by addition of 25 mM sodium fumarate
and sparging with N, for at least 20 min. Finally, 2 mM cys-
teine was added and the flasks were sealed with gas-tight
rubber stoppers and cooled down to the production tempera-
ture of 16 °C. A final concentration of 1 mM Isopropyl
beta-D-1-thiogalactopyranoside (IPTG) was used for the in-
duction of the protein production for 16-24 h.
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Preparation of cell-free crude extracts and purifica-
tion of the HDCR

All purification steps were performed under strictly anoxic
conditions at room temperature in an anaerobic chamber
(Coy Laboratory Products, Grass Lake, MI) filled with 95—
98% N, and 2-5% H, (Heise et al. 1992). For protein purifi-
cation, cultures were centrifuged at 4 °C for 10 min at
11,325%g, resuspended in 250 ml of buffer A (25 mM Tris,
20% [v/v] glycerol, 20 mM MgSO,, pH 7.5), centrifuged
again, and resuspended in washing buffer A with additional
0.5 mM phenylmethylsulfonyl fluoride (PMSF) and 0.1
mg/ml DNasel and passed through a french pressure cell press
(SLM Aminco, SLM Instruments, USA) at 110 MPa. Cell
debris was removed by centrifugation at 20,000xg for 10
min. The cleared lysate was applied to 1 ml of
Ni-nitrilotriacetate (Protino 6x Histidine-tag,
Macherey-Nagel GmbH & Co. KG, Diiren, Germany), which
was equilibrated with 15 ml of buffer 1 (150 mM
2-Amino-2-(hydroxymethyl)-1,3-propanediol (Tris),
300 mM NacCl, 20% [v/v] glycerol, 20 mM MgSO,, 50 mM
imidazole, 4 uM resazurin, 0.5 mM dithioerythritol, pH 7.5).
The resin was washed subsequently with 25 column volumes
of buffer 1 and the retained protein was eluted with about 5 ml
of the same buffer containing 150 mM imidazole. For further
purification and analysis of the filamentous state of the puri-
fied enzyme, the elution fraction was concentrated to a final
volume of about 400 pl using ultrafiltration in 100-kDa
Vivaspin tubes (Sartorius Stedim Biotech GmbH, Géttingen,
Germany) and applied to a Superose 6 10/300 GL prepacked
column (GE Healthcare Life Sciences, Little Chalfont, UK)
equilibrated with the FPLC buffer (25 mM Tris, 20mM
MgSOy, 20% [v/v] glycerin, 300 mM NaCl, pH 7.5) and
eluted at a flow rate of 0.3 ml/min.

In vitro [FeS]-cluster assembly of the heterologous
produced HDCR

[FeS]-cluster reconstitution was performed according to the
method described by Tong et al. (2003). In brief, the crude
extract of E. coli was adjusted to 2.75 mM dithioerythritol
(DTE) and 2 mM cysteine. For a source of iron, 0.5 mM ferric
chloride was added and 2 mM sodium sulfide nonahydrate
served as a source of sulfur. The reaction mixture was incu-
bated slightly shaking overnight at 4 °C under anoxic condi-
tions before the cell debris was removed by centrifugation and
the purification was done as described above.

Measurement of enzyme activities
The activities of both the catalytic subunits were measured

with the artificial electron acceptor methylviologen as de-
scribed before (Schuchmann and Miiller 2013).
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Measurements of methylviologen-dependent formate dehy-
drogenase activity were performed with formate (10 mM) as
electron donor and methylviologen (10 mM) as electron ac-
ceptor in 1 ml buffer B (100 mM HEPES/NaOH, 20 mM
MgSO,, 2 mM DTE, pH 7.0) and a gaseous phase of 100%
N, at a total pressure of 1.1 x 10° Pa. Methylviologen reduc-
tion was monitored at 604 nm by UV/Vis spectrophotometry
(e =13.9 mM ' cm™"). Methylviologen-dependent hydroge-
nase activity was measured under the same conditions except
that the gas phase was 100% H, at a total pressure of 1.1 x 10°
Pa serving as electron donor and formate was omitted. For
hydrogen-dependent CO, reduction, 500 pg of purified en-
zyme was diluted in a final volume of 10 ml buffer B in
120-ml serum bottles and a gaseous phase of 80% H, and
20% CO, at 1 x 10° Pa overpressure was applied as substrate
and incubated at 30 °C in a shaking water bath. One hundred
microliters aliquots of the liquid phase were withdrawn at
defined time points and analyzed. Formate was measured en-
zymatically by using a commercially available formic acid-kit
(R-Biopharm AG, Darmstadt, Germany). For hydrogen pro-
duction, 500 pg of HDCR was diluted in a final volume of
1 ml buffer B in 8-ml serum bottles and was incubated in a
shaking water bath at 30 °C. The gas phase was 100% N, at
atmospheric pressure. One hundred fifty millimolar sodium
formate was used as substrate. Fifty microliters gas samples
were withdrawn with a gas-tight syringe (Hamilton, Bonaduz,
Switzerland). The samples were analyzed by gas chromatog-
raphy using a Clarus 580 GC gas chromatograph (Perkin
Elmer, Waltham, MA, USA) with a Shin Carbon ST 80/100
column (Restek GmbH, Bad Homburg, Germany) as de-
scribed before (Schwarz et al. 2018).

Cell suspension experiments

For cell suspension experiments, recombinant cells were
grown in LB Miller medium as described before, harvested,
and washed twice with buffer C (50 mM Tris, 20 mM MgSOy,,
20 mM KCI, pH 7.5). Afterwards, cells were diluted to the
desired concentration in a final volume of 10 ml buffer C in
120-ml serum bottles and incubated at 30 °C in a shaking
water bath. For hydrogen-dependent CO, reduction, the gas
phase was changed to 80% H, and 20% CO, at 1 x 10° Pa
overpressure as substrate. Where needed, KHCO; was added
in the desired concentration. For the determination of the pH
optimum, 25 mM 2-(N-morpholino) ethanesulfonic acid
(MES), 25 mM MOPS, 25 mM Tris, 25 mM
2-(Cyclohexy-lamino) ethanesulfonic acid (CHES), 2 mM
DTE were added to the buffer and the pH was adjusted as
indicated. One hundred microliters samples of the liquid phase
were withdrawn at defined time points, freed of cells by cen-
trifugation 10,000xg for 5 min at 4 °C and the supernatant was
analyzed for formate using a commercially available formic
acid-kit (Boehringer Mannheim/R-Biopharm AG, Mannheim/
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Darmstadt, Germany). For hydrogen production, the cells
were prepared in the same way and 150 mM sodium formate
was used as substrate. The hydrogen production was mea-
sured by gas chromatography as described before (Weghoff
and Miiller 2016).

Bioinformatic methods

For pairwise sequence alignment, EMBOSS Water was used
with default settings (Chojnacki et al. 2017). All amino acid
sequences were retrieved from the Uniprot database. All DNA
sequences were retrieved from the National Center for
Biotechnology Information database.

Analytical methods

Protein concentration was measured according to Bradford
(1976). Proteins were separated in 12% polyacrylamide gels
and stained with Coomassie brilliant blue G250 (Weber and
Osborne 1969). LC-MS/MS and ICP-MS were performed by
commercial suppliers. Protein concentration of whole cells for
the cell suspension experiments was measured according to
Schmidt et al. (1963).

Statistics and reproducibility

The number of replicates and types of replicates which were
performed are described in the legend of each figure. The
mean of individual data points is shown with its standard
deviation (+ SD); this information is provided in each figure
legend. No statistical tests were needed or performed.

Results
Overproduction and molecular analysis of the HDCR

The HDCR genes fdhF1, hydA2, hycB3, and hycBI were
cloned in the plasmid pETDuet under the control of a T7
promotor (Fig. 1a). A sequence encoding a hexa-histidin tag
was added at the 3"-end of hydA2 to enable purification of the
protein via affinity chromatography. Additional to the HDCR
genes, the hydrogenase maturation genes hydG/X/E/F of
S. oneidensis were cloned in the vector pACYCDuet (Fig.
1b). Both plasmids were transformed in the
FeS-cluster-overproducing strain E. coli BL21(DE3) AiscR
(Akhtar and Jones 2008) and expression was performed under
anoxic conditions according to the protocol of Kuchenreuther
et al. (2010). Therefore, the organism was initially grown
aerobically in LB Miller medium to an optical density of
0.3-0.5 in the presence of glucose (25 mM), Na,MoO, (1
mM), and ammonium ferric citrate (2 mM). Then, the culture
was shifted to anoxic conditions by flushing the medium with

N,-gas (100%) and the production phase of the HDCR was
initiated by adding IPTG to the culture. Added fumarate (25
mM) served as the terminal electron acceptor for anaerobic
respiration. After a production time of 16-24 h, the cells were
harvested and disrupted via a French pressure cell press and
the cell debris was removed by centrifugation. The cell-free
extract was applied to a Ni-NTA column, and proteins were
eluted by imidazol. The preparation as analyzed by
SDS-PAGE contained six proteins and LC-MS/MS identified
the subunits FdhF1, HydA2, HycB1, and HycB3, indicating
the production of all four anticipated subunits (Fig. 2). In
addition, the maturase proteins HydE, HydF, and HydG were
present and the 60, 30, and 43 kDa proteins were identified as
HydG (54.1 kDa), HydE (40.3 kDa), and HydF (43 kDa),
respectively. Furthermore, the purified HDCR enzyme com-
plex from E. coli was catalytically active and showed a for-
mate production activity (H,:CO,-oxidoreductase activity) of
0.14 U/mg (Fig. 3a). Notably, the reverse reaction, formate
oxidation to H, and CO, (formate:H*-oxidoreductase activity)
was also catalyzed with a specific activity of 0.67 U/mg (Fig.
3b). Gelfiltration of the purified enzyme revealed the expected
quaternary structure in filaments, since the purified enzyme
complex showed a molecular mass bigger than 3 MDa
(Figure S1). The impact of filamentation of the HDCR on
the catalytic activity was already shown for the HDCR puri-
fied from A. woodii demonstrating that activity was reduced
by 55% in the depolymerized state (Schuchmann et al. 2016).
These results clearly demonstrate that a functional HDCR
complex can be produced in E. coli. However, the

100 —— e

70 — | @ . l—— FdhF1
w 55 —— —— HydG
S e — R
g 40 —— we W — HydE
E % — -
S 25— «— HydF
1S

15 - <«—— HycB1/3

Fig. 2 Purified HDCR complex from E. coli BL21(DE3) AiscR. 10 pg
purified HDCR was separated on a 12% SDS-PAGE stained with
Coomassie-Brillant Blue (right lane). The left lane contains the molecular
mass standard. Proteins were identified by peptide mass fingerprinting
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Fig. 3 Formation of formate or hydrogen by the purified HDCR
produced in E. coli BL21(DE3) AiscR. (a) 600 pg purified HDCR (tri-
angles down) and buffer containing no enzyme (squares) were incubated
with H, + CO, (80:20%, 1 x 10° Pa overpressure). Formate formation
was quantified enzymatically. (b) 600 pg purified HDCR (triangles up)

molybdenum (as well as tungsten) content of the purified
HDCR as determined by ICP-MS analysis was only
0.05 mol molybdenum per mol HDCR which is consistent
with a low CO, reduction as well as formate oxidation activ-
ity. The reason for this is most likely related to the used pro-
duction strain which has major defects in anaerobic metabo-
lism, metal ion transport, and metalloprotein biosynthesis
(Pinske et al. 2011). An insufficient over production of for-
mate dehydrogenases from different organisms has also been
reported for E. coli BL21(DE3) (Alissandratos et al. 2014). In
consequence, we switched to E. coli IM109(DE3) which also
allows T-7 based gene expression and has no reported geno-
typical deficiencies in molybdenum cofactor biosynthesis and
incorporation but misses the deletion of the iscR gene
(Yanisch-Perron et al. 1985). The media of the new host or-
ganism was adjusted and the HDCR was overproduced and
purified as described before. Again, the SDS-PAGE revealed
the six proteins (Fig. 4a) and the molybdenum content of the
purified HDCR complex determined by ICP-MS was 0.7 mol
molybdenum per mol HDCR. As expected, Hj:
CO;,-oxidoreductase (0.53 U/mg) and formate:
H*-oxidoreductase activities (1.4 U/mg) (Fig. 4b) were
strongly increased (280% and 110%, respectively) but still
an order of magnitude lower compared to the enzyme purified
from A. woodii (10 and 14 U/mg) (Schuchmann and Miiller
2013). Since the HDCR complex harbors many
[4Fe4S]-clusters, responsible for an efficient electron trans-
port within the enzyme, the missing iscR gene deletion is most
likely the reason for the low HDCR activity. The iscR gene
encodes a transcriptional regulator (IscR) which represses the
expression of genes encoding the proteins for FeS-cluster as-
sembly. It was previously shown that its deletion resulted in an
enhanced expression of the isc operon, leading to an increas-
ing amount of accessible FeS-clusters within the cell
(Schwartz et al. 2001). Additionally, iscR deletion stimulated
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and buffer containing no enzyme (squares) were incubated with 150 mM
sodium formate. Hydrogen formation was determined via gas chroma-
tography. All data points are mean £+ SD and measurements were taken
from distinct samples (n = 2)

recombinant [FeFe]-hydrogenase activity in E. coli (Akhtar
and Jones 2008). To eliminate the burden of [FeS]-clusters
assembly, the [FeS]-clusters were reconstituted in cell-free
extracts of E. coli JM109(DE3). Therefore, the HDCR was
overproduced as described and the [FeS]-cluster reconstitu-
tion was performed for 16 h at 4 °C in the cell-free extract.
Afterwards, the enzyme was purified and the catalytic activi-
ties of CO,-reduction and formate oxidation were determined.
Impressively, the H,:CO,-oxidoreductase and formate:
H*-oxidoreductase activity increased again by a factor of
17.5 and 4.6, respectively. The enzyme catalyzed the
hydrogen-dependent CO, reduction with a specific activity
of 9.3 U/mg and the reverse reaction was catalyzed with an
activity of 6.47 U/mg, which is 93% and 46%, respectively, of
the HDCR activity isolated from A. woodii. ICP-MS revealed
a Mo and Fe content of 0.66 mol molybdenum per mol HDCR
and 46 mol iron per mol HDCR which is consistent with the
numbers of the enzyme purified from A. woodii (Schuchmann
and Miiller 2013). The total amount of overproduced HDCR
was 1 mg purified enzyme per liter of cultivation broth for
E. coli BL21(DE3) AiscR and 0.4 mg per liter cultivation for
E. coli IM109(DE3) which is 7- to 10-fold more than the yield
from A. woodii.

Whole-cell biocatalysis for H,-dependent CO,
reduction

Next, we aimed to establish a recombinant E. coli whole-cell
biocatalyst to convert H, and CO, into formate and vice versa.
Since in E. coli strain BL21(DE3) the genes modABC/E/F and
fur are deleted and the genes encoding Hyd-1/2/3 and FdhD/E
carry mutations, many relevant enzymes of the natural hydro-
gen and formate metabolism such as [NiFe]-hydrogenases and
molybdenum-containing formate dehydrogenases totally lack
activity (Pinske et al. 2011). Therefore, E. coli strain BL21
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Fig. 4 Purified HDCR complex a
from E. coli IM109(DE3). (a)

(on

10 pg purified HDCR was sepa-
rated on a 12% SDS-PAGE
stained with Coomassie-Brillant ] =
Blue. (b) Formate-driven H, pro- - E
duction and (c) hydrogen- 100 — - S
dependent CO, 70 — - g
reduction catalyzed by the puri- 55 :;-
fied enzyme. 0.5 mg purified —_— - .
HDCR was used for both reac- 8 40
tions. All data points are mean + % .
SD and measurements were taken a 35 -
from distinct samples (n = 2) = & . )
= ime [min
E 25— 3 i
3
=
S 2
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§ 4]
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(DE3) AiscR was chosen as background. E. coli IM109 (DE3)
was not considered suitable since no defects in the formate
hydrogen-lyase system were reported. The BL21(DE3) AiscR
strain was grown in LB Miller complex medium and resting
cells were prepared. As expected, the addition of H, + CO,
(80:20 [v/v], 1 bar overpressure) to the cell suspension result-
ed in the production of formate with a rate of 0.119 mmol
gCDv\f1 h™" (0.238 mmol gf1 h™) (Fig. 5a). An increase in
the final cell concentration increased the amount of formate

formate [mM]

time [min]

Fig. 5 Production of formate using whole-cell catalysis. (a) Whole cells
of non-recombinant (square, 30 mg/ml) and recombinant E. coli BL21
(DE3) AiscR cells (circles, 15 mg/ml) were incubated with H, + CO,
(80:20%, 1 x 10° Pa overpressure). Non-recombinant £. coli cells cover
E. coli BL21(DE3) AiscR without additional plasmids whereas recombi-
nant E. coli cells cover E. coli BL21(DE3) AiscR plus HDCR and

time [min]

produced (Fig. 5b). At a cell concentration of 15 mg/ml,
4.66 mM formate was produced after 1 h. The control strain
without the plasmids could neither convert H, and CO, to
formate nor oxidize formate. As shown by Jo and Cha
(2015), the native FHL-pathway of formate dissimilation to
H, and CO, can be reactivated by the heterologous production
of'uptake [NiFe]-hydrogenases. To exclude any cross-reaction
of our system with the native FHL-system of E. coli, the hy-
drogenase subunit of the HDCR HydA?2 and its corresponding

formate [mM]

0 10 20 30 40 50 60

time [min]

maturation plasmids. (b) Different cell concentrations of recombinant
E. coli BL21(DE3) AiscR cells were incubated with H, + CO,
(80:20%, 1 x 10° Pa overpressure). Squares, 1 mg/ml; triangles up, 2
mg/ml; triangles down, S5mg/ml; diamonds, 10 mg/ml; dots, 15 mg/ml;
squares empty, 30 mg/ml. All data points are mean + SD and measure-
ments were taken from distinct samples (n = 2)
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Fig 6 Specific and volumetric formate production rates for recombinant
E. coli BL21(DE3) AiscR producing HDCR. Different concentrations of
recombinant E. coli BL21(DE3) AiscR cells were incubated with H, +
CO, (80:20%, 1 x 10° Pa overpressure) leading to different specific and
volumetric formate production rates. The increase of total cell protein
resulted in an increased volumetric formate production rate and in a
decrease of the specific formate production rate. All data points are
mean + SD and measurements were taken from distinct samples (n = 2)

putative electron-transferring subunit hycB3 were solely pro-
duced in E. coli BL21(DE3) AiscR. No formate-based hydro-
gen production but hydrogen-dependent methylviologen re-
duction in cell-free extracts of recombinant cells was
observed (data not shown) whereas the non-recombinant
strain showed no hydrogenase activity at all, leading to the
conclusion that the heterologous expression of the HDCR
module expanded the ability of E. coli BL21(DE3) AiscR to
convert H, and CO, into formate without the need of any

external co-factors or endogenous enzymes in the reaction
process.

Biotechnologically important parameters

After the proof of principle, we determined the specific formate
production rate and the volumetric formate production rate (Fig.
6). At a cell concentration of 2 mg/ml, the highest specific
formate production rate of 0.5 mmol gepw  h ™' (1 mmol g
h™") was observed. Increasing cell densities resulted in a linear
increase of the volumetric formate production rates up to
6 mmol L' h™" at 30 mg mI™" with a simultaneous decrease
in the specific rates. To further increase the specific formate
production rate of the recombinant E. coli BL21(DE3) AiscR
cells, additional potassium bicarbonate was added. The added
bicarbonate should lead to a higher concentration of dissolved
CO, through the interconversion of bicarbonate to CO, by the
native carbonic anhydrase of E. coli (Guilloton et al. 1992). The
addition of bicarbonate to the resting cells clearly increased the
specific formate production rates by a factor of around 4 to a
maximum rate of 0.4 mmol gCDV\f1 h'ats mg/ml total cell
protein and with additional 250 mM bicarbonate (Figure S2).
The impact of pH on E. coli cells for Hy-dependent CO, reduc-
tion was also investigated. As expected, a more alkaline pH
favored the formation of formate from H, and CO, compared
to acidic prevailing conditions. Up to pH &, an increase in the
specific formate formation rates to 0.39 mmol gepw ' h!
(0.78 mmol g ' h™") was observed until the rates dropped by
~53% at pH 10 (Figure S3).

Table 1 Comparison of different genetically modified E. coli strains for hydrogen-dependent CO, reduction to formate under various conditions
Organism Reaction Reaction condition: Reaction Mode Specific formate Ref.
condition: over pressure [bar] condition: production rate
temperature [°C] pH [mmol gCDWﬂh*l]

E. coli BL21(DE3) 30 1 7.5 Closed-batch 0 This study

AiscR (flasks)

E. coli BL21(DE3) 30 1 7.5 Closed-batch ~ 0.115 £0.025 This study

AiscR (flasks)

rec. strain

(pHDCR pGXEF)

E. coli BL21(DE3) 30 1 7.5 Closed-batch  0.40 £0.06 This study
AiscR + 250 mM (flasks)

rec. strain potassium

(pHDCR pGXEF) bicarbonate

E. coli K-12 FTD89 37 ~0.4 7.4 Closed-batch ~ ~0.41 Roger et al.
(AhyaB, AhybC) (Hungate (2018)

tubes)

E. coliK-12RT1 (AhyaB, 37 10 8 Closed-batch ~ ~15 Roger et al.

AhybC, ApflA, AfdhE) bioreactor, (2018)
pH-controlled
E. coli IM109 37 0 7.0 Closed-batch ~ ~0.1 Alissandratos
rec. strain * + 250 mM sodium (flasks) et al.
bicarbonate (2014)

#Recombinant E. coli strain IM109(DE3) overexpressing fdh of Pyrococcus furiosus (FDH_Pyrfu)
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Discussion

Recombinant E. coli strains were already designed for in-
creased endogenous CO, recycling (Lee et al. 2020) as well
as for the direct hydrogenation of CO, to formate
(Alissandratos et al. 2014; Roger et al. 2018). In this study,
we have shown for the first time that the biotechnologically
interesting enzyme complex HDCR can be heterologously
produced in E. coli with high activity. The HDCR operates
independent of the E. coli metabolism and cross-reactions of
the produced hydrogenase with the native FHL-system of
E. coli BL21(DE3) were experimentally excluded. The data
are consistent with the studies of Jo and Cha (2015) which
clearly showed that a reactivation of the formate
hydrogen-lyase system by the heterologous expression of
three [NiFe]-hydrogenases is dependent on a signal peptide
of the small subunits of the hydrogenases for membrane inter-
action. Since the HDCR is a soluble enzyme, the
[FeFe]-hydrogenase subunit lacks that kind of signal peptide.
In a previous and so far only study, in which recombinant
E. coli IM109(DE3) cells were used for hydrogen-dependent
CO, reduction to formate (Alissandratos et al. 2014), the over-
all system was dependent on the catalytic activity of one or
more of the endogenous hydrogenases of E. coli. The study
showed that the overexpression of formate dehydrogenase
genes from Clostridium carboxyvorans, Pyrococcus furiosus,
or Methanobacterium thermoformicum enabled E. coli IM109
(DE3) for the production of formate from H, and CO,, the
latter in form of bicarbonate. The recombinant E. coli IM109
(DE3) cells had a specific formate production rate of around
0.1 mmol gCD\}[1 h™! which is 4 times lower than the rates
observed in this study (Table 1). In addition, our HDCR-based
system has a great potential for future upgrading, for example,
the replacement of cysteine by selenocysteine in the formate
dehydrogenase subunit of the HDCR. It was shown for E. coli
that the formate dehydrogenase activities were decreased dra-
matically by two orders of magnitude if cysteine instead of
selenocysteine was incorporated into the formate dehydroge-
nase H (Axley et al. 1991). Here, we decided to use the
selenocysteine-free formate dehydrogenase (FdhF1) instead
of the selenocysteine containing formate dehydrogenase gene
(FdhF2) since the overexpression of fdhF?2 resulted in a trun-
cated version of the coding enzyme in E. coli (data not
shown). The incorporation of selenocysteine instead of cyste-
ine occurs co-translationally and requires a complex machin-
ery consisting of three different proteins (SelA/B/D), a specif-
ic tRNAS (SelC) and a secondary structure in the
selenoprotein-encoding mRNA, called Sec Insertion
Sequence element (SECIS element) (Bock et al. 1991;
Gonzalez-Flores et al. 2013). Nevertheless, different ap-
proaches were already shown to achieve the incorporation of
selenocysteine in heterologous produced proteins in E. coli
(Amer et al. 1999; Chen et al. 1992; Heider and Bock 1992;

Rengby et al. 2004) and could be one likely way to further
increase the activity of the heterologous overproduced HDCR
up to the “original” HDCR activity of A. woodii.

Another possibility to increase the catalytic rates and to
achieve a hydrogen-dependent CO, reduction in E. coli is
the use of an optimized reactor system to change the prevail-
ing environmental conditions and to shift the chemical equi-
librium to the side of the product formate. The directionality of
the membrane-bound formate hydrogenlyase (FHL) complex
of E. coli is strongly affected by pH and partial pressure in the
system (Roger et al. 2018). FHL normally favors the dispro-
portionation of formate to H, and CO, in nature. But in a
highly pressurized (up to 10 bar overpressure) and
pH-controlled bioreactor system, the FHL was unlocked in
the “reverse reaction” functioning as a hydrogen-dependent
CO; reductase for the direct hydrogenation of CO, to formate.
Modified E. coli K-12 cells reached specific formate forma-
tion rates of around 15 mmol gCDV[1 h™! and final formate
titers of ~500 mM (Roger et al. 2018). The combination of
such a highly pressurized bioreactor system with an optimized
recombinant E. coli system would therefore be a promising
and interesting approach for future applications in E. coli—
based CO, conversion to formate.

In sum, this study demonstrates the transformation of
E. coli BL21(DE3) AiscR cells into microbial cell factories
for the conversion of H, + CO, into formate even under mod-
erate reaction conditions (1 bar overpressure, 30 °C). We
could further increase the specific formate formation rates to
0.4 mmol/gcpw*h by adding bicarbonate, rates which were so
far never reported for an implemented CO, reduction system
in E. coli. Besides, the study clearly points out the great po-
tential of whole-cell biocatalysis for H,-dependent CO, reduc-
tion in E. coli using a future FHL-, hydrogenases-, and
iscR-deficient strain. Many chemical catalysts suffer from
low turnover frequencies (TOF), dependence on high pressure
or temperature or even very expensive additives, emphasizing
the biological route for H,-storage and CO,-capturing by
using the easy handable platform organism E. coli. Together
with the recently described formatotrophic strain of E. coli
(Kim et al. 2020; Yishai et al. 2018) this could pave the road
to make E. coli a chemolithoautotrophic bacterium.

Supplementary Information The online version contains supplementary
material available at https://doi.org/10.1007/s00253-021-11463-z.

Code availability Not applicable.

Author contribution V.M and F.M.S designed and supervised the re-
search, analyzed the data, and wrote the manuscript. F.L. performed the
experiments, analyzed the data, and wrote the manuscript. K. S designed
the research, performed the experiments, and analyzed the data.

@ Springer


https://doi.org/10.1007/s00253-021-11463-z

5870

Appl Microbiol Biotechnol (2021) 105:5861-5872

Funding Open access funding enabled and organized by Projekt DEAL.
This project has received funding from the European Research Council
(ERC) under the European Union’s Horizon 2020 research and innova-
tion program (grant agreement number 741791).

Data availability All datasets and material generated or analyzed in this
study are available from the corresponding author upon reasonable
request.

Declarations

Ethical approval This article does not contain any studies with human
participants or animals performed by any of the authors.

Consent to participate Not applicable.
Consent for publication Not applicable.

Conflict of interest Goethe-University Frankfurt, V.M and K.S possess
a patent on the HDCR-based whole-cell system for storing gaseous hy-
drogen through producing methanoate (patent number: EP2816119).

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Akhtar MK, Jones PR (2008) Deletion of iscR stimulates recombinant
clostridial Fe-Fe hydrogenase activity and H,-accumulation in
Escherichia coli BL21(DE3). Appl Microbiol Biotechnol 78:853—
862. https://doi.org/10.1007/s00253-008-1377-6

Alissandratos A, Kim HK, Easton CJ (2014) Formate production through
carbon dioxide hydrogenation with recombinant whole cell
biocatalysts. Bioresour Technol 164:7—11. https://doi.org/10.1016/
j.biortech.2014.04.064

Armner ES, Sarioglu H, Lottspeich F, Holmgren A, Bock A (1999) High-
level expression in Escherichia coli of selenocysteine-containing rat
thioredoxin reductase utilizing gene fusions with engineered
bacterial-type SECIS elements and co-expression with the selA,
selB and selC genes. ] Mol Biol 292:1003-1016. https://doi.org/
10.1006/jmbi.1999.3085

Axley MJ, Bock A, Stadtman TC (1991) Catalytic properties of an
Escherichia coli formate dehydrogenase mutant in which sulfur re-
places selenium. Proc Natl Acad Sci U S A 88:8450-8454. https://
doi.org/10.1073/Pnas.88.19.8450

Berg IA (2011) Ecological aspects of the distribution of different autotro-
phic CO, fixation pathways. Appl Environ Microbiol 77:1925—
1936. https://doi.org/10.1128/AEM.02473-10

Bock A, Forchhammer K, Heider J, Leinfelder W, Sawers G, Veprek B,
Zinoni F (1991) Selenocysteine: the 21st amino acid. Mol Microbiol
5:515-520. https://doi.org/10.1111/j.1365-2958.1991.tb00722.x

@ Springer

Bradford MM (1976) A rapid and sensitive method for the quantification
of' microgram quantities of protein utilizing the principle of proteine-
dye-binding. Anal Biochem 72:248-254. https://doi.org/10.1006/
abi0.1976.9999

Brazzolotto X, Rubach JK, Gaillard J, Gambarelli S, Atta M, Fontecave
M (2006) The [Fe-Fe]-hydrogenase maturation protein HydF from
Thermotoga maritima is a GTPase with an iron-sulfur cluster. J Biol
Chem 281:769-774. https://doi.org/10.1074/jbc.M510310200

Cheah WY, Ling TC, Juan JC, Lee DJ, Chang JS, Show PL (2016)
Biorefineries of carbon dioxide: from carbon capture and storage
(CCS) to bioenergies production. Bioresour Technol 215:346-356.
https://doi.org/10.1016/j.biortech.2016.04.019

Chen GT, Axley MJ, Hacia J, Inouye M (1992) Overproduction of a
selenocysteine-containing polypeptide in Escherichia coli: the
fdhF gene product. Mol Microbiol 6:781-785. https://doi.org/10.
1111/.1365-2958.1992.tb01528.x

Chojnacki S, Cowley A, Lee J, Foix A, Lopez R (2017) Programmatic
access to bioinformatics tools from EMBL-EBI update: 2017.
Nucleic Acids Res 45:W550-W553. https://doi.org/10.1093/nar/
gkx273

Claassens NJ, He H, Bar-Even A (2019) Synthetic methanol and formate
assimilation via modular engineering and selection strategies. Curr
Issues Mol Biol 33:237-248. https://doi.org/10.21775/cimb.033.
237

Drake HL, Kiisel K, Matthies C (2006) Acetogenic prokaryotes. In:
Dworkin M, Falkow S, Rosenberg E, Schleifer K-H, Stackebrandt
E (eds) The prokaryotes, vol 2. Springer, New York, p 373

Forzi L, Sawers RG (2007) Maturation of [NiFe]-hydrogenases in
Escherichia coli. Biometals 20:565-578. https://doi.org/10.1007/
$10534-006-9048-5

Fuchs G (2011) Alternative pathways of carbon dioxide fixation: insights
into the early evolution of life? Annu Rev Microbiol 65:631-658.
https://doi.org/10.1146/annurev-micro-090110-102801

Gonzalez-Flores JN, Shetty SP, Dubey A, Copeland PR (2013) The mo-
lecular biology of selenocysteine. Biomol Concepts 4:349-365.
https://doi.org/10.1515/bmc-2013-0007

Guilloton MB, Korte JJ, Lamblin AF, Fuchs JA, Anderson PM (1992)
Carbonic anhydrase in Escherichia coli. A product of the cyn oper-
on. J Biol Chem 267:3731-3734. https://doi.org/10.1016/S0021-
9258(19)50586-5

Hartmann T, Leimkiihler S (2013) The oxygen-tolerant and NAD*-de-
pendent formate dehydrogenase from Rhodobacter capsulatus is
able to catalyze the reduction of CO, to formate. FEBS J 280:
6083-6096. https://doi.org/10.1111/febs.12528

Hartmann T, Schwanhold N, Leimkiihler S (2014) Assembly and catal-
ysis of molybdenum or tungsten-containing formate dehydroge-
nases from bacteria. Biochim Biophys Acta 1854:1090-1100.
https://doi.org/10.1016/j.bbapap.2014.12.006

Heider J, Bock A (1992) Targeted insertion of selenocysteine into the
alpha subunit of formate dehydrogenase from Methanobacterium
formicicum. J Bacteriol 174:659-663. https://doi.org/10.1128/jb.
174.3.659-663.1992

Heise R, Miiller V, Gottschalk G (1992) Presence of a sodium-
translocating ATPase in membrane vesicles of the homoacetogenic
bacterium Acetobacterium woodii. Eur J Biochem 206:553-557.
https://doi.org/10.1111/j.1432-1033.1992.tb16959.x

Hwang HW, Yoon J, Min K, Kim M-S, Kim S-J, Cho DH, Susila H, Na
J-G, Oh M-K, Kim YH (2020) Two-stage bioconversion of carbon
monoxide to biopolymers via formate as an intermediate. Chem Eng
J389:124394. https://doi.org/10.1016/j.cej.2020.124394

Jo BH, Cha HJ (2015) Activation of formate hydrogen-lyase via expres-
sion of uptake [NiFe]-hydrogenase in Escherichia coli BL21(DE3).
Microb Cell Factories 14:151. https://doi.org/10.1186/s12934-015-
0343-0

Kim S, Lindner SN, Aslan S, Yishai O, Wenk S, Schann K, Bar-Even A
(2020) Growth of E. coli on formate and methanol via the reductive


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00253-008-1377-6
https://doi.org/10.1016/j.biortech.2014.04.064
https://doi.org/10.1016/j.biortech.2014.04.064
https://doi.org/10.1006/jmbi.1999.3085
https://doi.org/10.1006/jmbi.1999.3085
https://doi.org/10.1073/Pnas.88.19.8450
https://doi.org/10.1073/Pnas.88.19.8450
https://doi.org/10.1128/AEM.02473-10
https://doi.org/10.1111/j.1365-2958.1991.tb00722.x
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1006/abio.1976.9999
https://doi.org/10.1074/jbc.M510310200
https://doi.org/10.1016/j.biortech.2016.04.019
https://doi.org/10.1111/j.1365-2958.1992.tb01528.x
https://doi.org/10.1111/j.1365-2958.1992.tb01528.x
https://doi.org/10.1093/nar/gkx273
https://doi.org/10.1093/nar/gkx273
https://doi.org/10.21775/cimb.033.237
https://doi.org/10.21775/cimb.033.237
https://doi.org/10.1007/s10534-006-9048-5
https://doi.org/10.1007/s10534-006-9048-5
https://doi.org/10.1146/annurev-micro-090110-102801
https://doi.org/10.1515/bmc-2013-0007
https://doi.org/10.1016/S0021-9258(19)50586-5
https://doi.org/10.1016/S0021-9258(19)50586-5
https://doi.org/10.1111/febs.12528
https://doi.org/10.1016/j.bbapap.2014.12.006
https://doi.org/10.1128/jb.174.3.659-663.1992
https://doi.org/10.1128/jb.174.3.659-663.1992
https://doi.org/10.1111/j.1432-1033.1992.tb16959.x
https://doi.org/10.1016/j.cej.2020.124394
https://doi.org/10.1186/s12934-015-0343-0
https://doi.org/10.1186/s12934-015-0343-0

Appl Microbiol Biotechnol (2021) 105:5861-5872

5871

glycine pathway. Nat Chem Biol 16:538-545. https://doi.org/10.
1038/s41589-020-0473-5

Kleinsteuber S, Schleinitz KM, Vogt C (2012) Key players and team
play: anaerobic microbial communities in hydrocarbon-
contaminated aquifers. Appl Microbiol Biotechnol 94:851-873.
https://doi.org/10.1007/s00253-012-4025-0

Kottenhahn P, Schuchmann K, Miiller V (2018) Efficient whole cell
biocatalyst for formate-based hydrogen production. Biotechnol
Biofuels 11:93. https://doi.org/10.1186/s13068-018-1082-3

Kuchenreuther JM, Stapleton JA, Swartz JR (2009) Tyrosine, cysteine,
and S-adenosyl methionine stimulate in vitro [FeFe] hydrogenase
activation. PLoS One 4:¢7565. https://doi.org/10.1371/journal.
pone.0007565

Kuchenreuther JM, Grady-Smith CS, Bingham AS, George SJ, Cramer
SP, Swartz JR (2010) High-yield expression of heterologous [FeFe]
hydrogenases in Escherichia coli. PLoS One 5:¢15491. https://doi.
org/10.1371/journal.pone.0015491

Kumar M, Sundaram S, Gnansounou E, Larroche C, Thakur IS (2018)
Carbon dioxide capture, storage and production of biofuel and bio-
materials by bacteria: a review. Bioresour Technol 247:1059—-1068.
https://doi.org/10.1016/j.biortech.2017.09.050

Lee SY, Kim Y'S, Shin W-R, Yu J, Lee J, Lee S, Kim Y-H, Min J (2020)
Non-photosynthetic CO, bio-mitigation by Escherichia coli
harbouring CBB genes. Green Chem 22:6889-6896. https://doi.
org/10.1039/DOGCO1820A

Li H, Opgenorth PH, Wernick DG, Rogers S, Wu TY, Higashide W,
Malati P, Huo YX, Cho KM, Liao JC (2012) Integrated
electromicrobial conversion of CO, to higher alcohols. Science
335:1596. https://doi.org/10.1126/science.1217643

Ljungdahl LG (1986) The autotrophic pathway of acetate synthesis in
acetogenic bacteria. Annu Rev Microbiol 40:415-450

Ljungdahl LG (1994) The acetyl-CoA pathway and the chemiosmotic
generation of ATP during acetogenesis. In: Drake HL (ed)
Acetogenesis. Chapman & Hall, New York, pp 63-87

Lubitz W, Ogata H, Riidiger O, Reijerse E (2014) Hydrogenases. Chem
Rev 114:4081-4148. https://doi.org/10.1021/Cr4005814

Maia LB, Moura JJ, Moura I (2015) Molybdenum and tungsten-
dependent formate dehydrogenases. J Biol Inorg Chem 20:287—
309. https://doi.org/10.1007/s00775-014-1218-2

Meyer J (2007) [FeFe] hydrogenases and their evolution: a genomic
perspective. Cell Mol Life Sci 64:1063—1084. https://doi.org/10.
1007/s00018-007-6477-4

Mulder DW, Shepard EM, Meuser JE, Joshi N, King PW, Posewitz MC,
Broderick JB, Peters JW (2011) Insights into [FeFe]-hydrogenase
structure, mechanism, and maturation. Structure 19:1038—-1052.
https://doi.org/10.1016/j.str.2011.06.008

Miiller V (2019) New horizons in acetogenic conversion of one-carbon
substrates and biological hydrogen storage. Trends Biotechnol 37:
1344-1354. https://doi.org/10.1016/j.tibtech.2019.05.008

Patel HA, Byun J, Yavuz CT (2017) Carbon dioxide capture adsorbents:
chemistry and methods. ChemSusChem 10:1303—1317. https://doi.
org/10.1002/cssc.201601545

Pinske C, Bonn M, Kriiger S, Lindenstrauss U, Sawers RG (2011)
Metabolic deficiences revealed in the biotechnologically important
model bacterium Escherichia coli BL21(DE3). PLoS One 6:
€22830. https://doi.org/10.1371/journal.pone.0022830

Poehlein A, Schmidt S, Kaster A-K, Goenrich M, Vollmers J, Thiirmer A,
Bertsch J, Schuchmann K, Voigt B, Hecker M, Daniel R, Thauer
RK, Gottschalk G, Miiller V (2012) An ancient pathway combining
carbon dioxide fixation with the generation and utilization of a so-
dium ion gradient for ATP synthesis. PLoS One 7:¢33439. https://
doi.org/10.1371/journal.pone.0033439

Ragsdale SW (2008) Enzymology of the Wood-Ljungdahl pathway of
acetogenesis. Ann N'Y Acad Sci 1125:129-136. https://doi.org/10.
1196/annals.1419.015

Rengby O, Johansson L, Carlson LA, Serini E, Vlamis-Gardikas A,
Karsnas P, Arner ES (2004) Assessment of production conditions
for efficient use of Escherichia coli in high-yield heterologous re-
combinant selenoprotein synthesis. Appl Environ Microbiol 70:
5159-5167. https://doi.org/10.1128/AEM.70.9.5159-5167.2004

Roger M, Brown F, Gabrielli W, Sargent F (2018) Efficient hydrogen-
dependent carbon dioxide reduction by Escherichia coli. Curr Biol
28:140-145. https://doi.org/10.1016/j.cub.2017.11.050

Rubach JK, Brazzolotto X, Gaillard J, Fontecave M (2005) Biochemical
characterization of the HydE and HydG iron-only hydrogenase mat-
uration enzymes from Thermatoga maritima. FEBS Lett 579:5055—
5060. https://doi.org/10.1016/j.febslet.2005.07.092

Sargent F (2016) The model [NiFe]-hydrogenases of Escherichia coli.
Adv Microb Physiol 68:433—507. https://doi.org/10.1016/bs.ampbs.
2016.02.008

Sawers G (1994) The hydrogenases and formate dehydrogenases of
Escherichia coli. Antonie van Leeuwenhoek 66:57-88

Scherer PA, Thauer RK (1978) Purification and properties of reduced
ferredoxin: CO, oxidoreductase from Clostridium pasteurianum, a
molybdenum iron-sulfur-protein. Eur J Biochem 85:125-135

Schlindwein C, Giordano G, Santini CL, Mandrand MA (1990)
Identification and expression of the Escherichia coli fdhD and
fdhE genes, which are involved in the formation of respiratory for-
mate dehydrogenase. J Bacteriol 172:6112-6121. https://doi.org/10.
1128/jb.172.10.6112-6121.1990

Schmidt K, Liaaen-Jensen S, Schlegel HG (1963) Die Carotinoide der
Thiorhodaceae. Arch Mikrobiol 46:117-126

Schuchmann K, Miiller V (2013) Direct and reversible hydrogenation of
CO; to formate by a bacterial carbon dioxide reductase. Science
342:1382-1385. https://doi.org/10.1126/science.1244758

Schuchmann K, Miiller V (2014) Autotrophy at the thermodynamic limit
of life: a model for energy conservation in acetogenic bacteria. Nat
Rev Microbiol 12:809-821. https://doi.org/10.1038/nrmicro3365

Schuchmann K, Vonck J, Miiller V (2016) A bacterial hydrogen-
dependent CO, reductase forms filamentous structures. FEBS J
283:1311-1322. https://doi.org/10.1111/febs.13670

Schwartz CJ, Giel JL, Patschkowski T, Luther C, Ruzicka FJ, Beinert H,
Kiley PJ (2001) IscR, an Fe-S cluster-containing transcription factor,
represses expression of Escherichia coli genes encoding Fe-S cluster
assembly proteins. Proc Natl Acad Sci U S A 98:14895-14900.
https://doi.org/10.1073/pnas.251550898

Schwarz FM, Miiller V (2020) Whole-cell biocatalysis for hydrogen stor-
age and syngas conversion to formate using a thermophilic
acetogen. Biotechnol Biofuels 13:32. https://doi.org/10.1186/
$13068-020-1670-x

Schwarz FM, Schuchmann K, Miiller V (2018) Hydrogenation of CO, at
ambient pressure catalyzed by a highly active thermostable biocata-
lyst. Biotechnol Biofuels 11:237. https://doi.org/10.1186/s13068-
018-1236-3

Schwarz FM, Oswald F, Miiller V (2021) Acetogenic conversion of H,
and CO, into formic acid and vice versa in a fed-batch-operated
stirred-tank bioreactor. ACS Sustain Chem Eng 9:6810-6820.
https://doi.org/10.1021/acssuschemeng.1c01062

Studier FW (2005) Protein production by auto-induction in high density
shaking cultures. Protein Expr Purif 41:207-234. https://doi.org/10.
1016/j.pep.2005.01.016

Tong WH, Jameson GN, Huynh BH, Rouault TA (2003) Subcellular
compartmentalization of human Nfu, an iron-sulfur cluster scaffold
protein, and its ability to assemble a [4Fe-4S] cluster. Proc Natl
Acad Sci U S A 100:9762-9767. https://doi.org/10.1073/pnas.
1732541100

Wang S, Huang H, Kahnt J, Miiller AP, Képke M, Thauer RK (2013)
NADP-specific electron-bifurcating [FeFe]-hydrogenase in a func-
tional complex with formate dehydrogenase in Clostridium
autoethanogenum grown on CO. J Bacteriol 195:4373-4386.
https://doi.org/10.1128/1B.00678-13

@ Springer


https://doi.org/10.1038/s41589-020-0473-5
https://doi.org/10.1038/s41589-020-0473-5
https://doi.org/10.1007/s00253-012-4025-0
https://doi.org/10.1186/s13068-018-1082-3
https://doi.org/10.1371/journal.pone.0007565
https://doi.org/10.1371/journal.pone.0007565
https://doi.org/10.1371/journal.pone.0015491
https://doi.org/10.1371/journal.pone.0015491
https://doi.org/10.1016/j.biortech.2017.09.050
https://doi.org/10.1039/D0GC01820A
https://doi.org/10.1039/D0GC01820A
https://doi.org/10.1126/science.1217643
https://doi.org/10.1021/Cr4005814
https://doi.org/10.1007/s00775-014-1218-2
https://doi.org/10.1007/s00018-007-6477-4
https://doi.org/10.1007/s00018-007-6477-4
https://doi.org/10.1016/j.str.2011.06.008
https://doi.org/10.1016/j.tibtech.2019.05.008
https://doi.org/10.1002/cssc.201601545
https://doi.org/10.1002/cssc.201601545
https://doi.org/10.1371/journal.pone.0022830
https://doi.org/10.1371/journal.pone.0033439
https://doi.org/10.1371/journal.pone.0033439
https://doi.org/10.1196/annals.1419.015
https://doi.org/10.1196/annals.1419.015
https://doi.org/10.1128/AEM.70.9.5159-5167.2004
https://doi.org/10.1016/j.cub.2017.11.050
https://doi.org/10.1016/j.febslet.2005.07.092
https://doi.org/10.1016/bs.ampbs.2016.02.008
https://doi.org/10.1016/bs.ampbs.2016.02.008
https://doi.org/10.1128/jb.172.10.6112-6121.1990
https://doi.org/10.1128/jb.172.10.6112-6121.1990
https://doi.org/10.1126/science.1244758
https://doi.org/10.1038/nrmicro3365
https://doi.org/10.1111/febs.13670
https://doi.org/10.1073/pnas.251550898
https://doi.org/10.1186/s13068-020-1670-x
https://doi.org/10.1186/s13068-020-1670-x
https://doi.org/10.1186/s13068-018-1236-3
https://doi.org/10.1186/s13068-018-1236-3
https://doi.org/10.1021/acssuschemeng.1c01062
https://doi.org/10.1016/j.pep.2005.01.016
https://doi.org/10.1016/j.pep.2005.01.016
https://doi.org/10.1073/pnas.1732541100
https://doi.org/10.1073/pnas.1732541100
https://doi.org/10.1128/JB.00678-13

5872

Appl Microbiol Biotechnol (2021) 105:5861-5872

Weber K, Osborne M (1969) The reliability of the molecular weight
determination by dodecyl sulfate polyacrylamide gel electrophore-
sis. J Biol Chem 244:4406-4412

Weghoff MC, Miiller V (2016) CO metabolism in the thermophilic
acetogen Thermoanaerobacter kivui. Appl Environ Microbiol 82:
2312-2319. https://doi.org/10.1128/AEM.00122-16

Yamamoto I, Saiki T, Liu SM, Ljungdahl LG (1983) Purification and
properties of NADP-dependent formate dehydrogenase from
Clostridium thermoaceticum, a tungsten-selenium-iron protein. J
Biol Chem 258:1826-1832

Yanisch-Perron C, Vieira J, Messing J (1985) Improved M13 phage
cloning vectors and host strains: nucleotide sequences of the
M13mpl18 and pUC19 vectors. Gene 33:103-119

@ Springer

Yishai O, Lindner SN, Gonzalez de la Cruz J, Tenenboim H, Bar-Even A
(2016) The formate bio-economy. Curr Opin Chem Biol 35:1-9.
https://doi.org/10.1016/j.cbpa.2016.07.005

Yishai O, Bouzon M, Doring V, Bar-Even A (2018) In vivo assimilation
of one-carbon via a synthetic reductive glycine pathway in
Escherichia coli. ACS Synth Biol 7:2023-2028. https://doi.org/10.
1021/acssynbio.8b00131

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.


https://doi.org/10.1128/AEM.00122-16
https://doi.org/10.1016/j.cbpa.2016.07.005
https://doi.org/10.1021/acssynbio.8b00131
https://doi.org/10.1021/acssynbio.8b00131

	Capture of carbon dioxide and hydrogen by engineered Escherichia�coli: hydrogen-dependent CO2 reduction to formate
	Abstract
	Abstract
	Abstract
	Introduction
	Materials and methods
	Plasmid design
	Organisms and cultivation
	Preparation of cell-free crude extracts and purification of the HDCR
	In�vitro [FeS]-cluster assembly of the heterologous produced HDCR
	Measurement of enzyme activities
	Cell suspension experiments
	Bioinformatic methods
	Analytical methods
	Statistics and reproducibility

	Results
	Overproduction and molecular analysis of the HDCR
	Whole-cell biocatalysis for H2-dependent CO2 reduction
	Biotechnologically important parameters

	Discussion
	References


