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The O2-stable [FeFe]-hydrogenase CbA5H reveals
high resilience against organic solvents†

Martin Gerbaulet, Anja Hemschemeier and Thomas Happe *

[FeFe]-Hydrogenases are highly efficient hydrogen-(H2) converting enzymes which play pivotal roles for H2

cycling in natural habitats, but which are also of interest for sustainable approaches to generate or employ

H2 gas. [FeFe]-Hydrogenases harbor a unique active site metal cofactor, the H-cluster, whose di-iron site

by itself is nearly inactive but, as part of the protein, allows high turnover rates. Understanding this essential

interplay of protein and co-factor might help to install [FeFe]-hydrogenases in biotechnological

applications. The catalytic unit of the H-Cluster can be synthesized chemically and incorporated into

[FeFe]-hydrogenase precursors, which allows to introduce non-natural metals or ligands and study their

impact on catalytic activity. However, these compounds are often not water-soluble and have to be added

to the proteins in solvents known to destabilize polypeptides. The resilience of [FeFe]-hydrogenases against

organic solvents has hardly been investigated. To address this knowledge gap, we characterized the

stability of the [FeFe]-hydrogenase CbA5H from Clostridium beijerinckii in several organic solvents

(dimethylsulfoxide (DMSO), acetone, acetonitrile as well as water-miscible short-chain alcohols). These

solvents are required to dissolve co-factor analogues and are also employed in chemical syntheses that

might be combined with biocatalysts such as hydrogenases for more sustainable industrial processes. In

the medium time-frame, CbA5H is remarkably stable in high concentrations of acetone and acetonitrile

and also withstands intermediate concentrations of DMSO, ethanol and methanol. Combined with the

unusual O2 stability and high temperature and pressure tolerance, this makes CbA5H a candidate for its

use in non-aqueous reaction environments.

Introduction

Hydrogenases are redox enzymes that reversibly interconvert
protons, electrons and molecular hydrogen (H2). They are
grouped into [Fe]-, [NiFe]-, and [FeFe]-hydrogenases
depending on the metal ions they employ in their catalytic
center.1 [FeFe]-hydrogenases usually show the highest turn-
over rates.2,3 These enzymes employ a biologically unique iron
sulfur (FeS-) cluster combination as cofactor termed the
H-cluster. This cluster comprises a cubane [4Fe–4S] cluster
([4Fe]H) coupled through a coordinating cysteine residue to a
special diiron cluster ([2Fe]H). The two Fe-ions of [2Fe]H,
termed proximal and distal with respect to [4Fe]H, are bridged
by an azodithiolate moiety and are further coordinated by
three CO and two CN− ligands.4,5 Catalysis takes place at the
open coordination site at the distal Fe ion, which can also be
targeted by inhibitors. Several known inhibitors are reversible,

such as gaseous carbon monoxide (CO)6 and formaldehyde,7–9

whereas molecular oxygen (O2) destroys most [FeFe]-
hydrogenases irreversibly.10,11 In living organisms, the [4Fe]H,
sub-cluster of the H-cluster is believed to be assembled by the
house-keeping Fe–S cluster biosynthetic machinery, whereas
[2Fe]H is built and integrated into a hydrogenase precursor
already containing [4Fe]H by the dedicated maturases HydE,
HydF and HydG.12 However, the [2Fe]H sub-cluster can also
be synthesized chemically, and this chemical mimic can be
incorporated into a [4Fe]H-containing [FeFe]-hydrogenase.13,14

This procedure allows detailed studies on the interaction of
cofactor and hydrogenase polypeptide.15,16 In addition, many
variants of [2Fe]H have been synthesized and integrated into
[FeFe]-hydrogenase precursors with the aim of studying, for
example, the effects of different Fe ion ligands or even
different metals.17–19

Although limited by their oxygen lability, [FeFe]-
hydrogenases possess high biotechnological potential. Their
high efficiency, combined with reliance on abundant and
readily available resources (Fe and S) are a possible
alternative to platinum for industrial hydrogen production.20

To date, these enzymes have not been implemented into
industrial applications of an economic scale, but much
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research is being done to allow this to happen. One approach
is to develop miniature models of [FeFe]-hydrogenases that
might be easier to provide on a large scale.21 However, so far,
no purely chemical compound could be synthesized that
shows sufficient activity to be of economic interest.22–25

Therefore, understanding the roles of the coordination
spheres provided by the [FeFe]-hydrogenase polypeptide is
pivotal, and pursued by introducing changes to the protein,
but also, as mentioned above, by employing chemically
different cofactors. Several semi-artificial hydrogenases have
been created based on water-soluble cofactor variants such as
a selenium substituted cofactor.26 Many chemically
synthesized cofactor mimics, however, are insoluble in water
and have to be added to hydrogenase precursors in highly
concentrated solvents.27–29 If and how these solvents affect
[FeFe]-hydrogenases has hardly been investigated, and since
the addition of even small quantities of organic solvents can
cause protein inactivation,30,31 their concentration is often
kept low in maturation experiments.

Biocatalysis in the presence of organic solvents has been
an active research field for more than 40 years as low-water
content environments can minimize water dependent side
reactions, tune substrate specificity and impact enzyme
regio- and enantioselectivity.30 As natural soluble enzymes
have evolved to fold and function in water, their outer amino
acid residues commonly interact with water molecules. This
first hydration shell is crucial for enzyme activity and stability
and alteration of water content in this first hydration shell
can cause destabilization of the protein structure.32 Organic
solvents applied in biocatalysis are usually divided into two
classes by hydrophobicity, described by their partition
coefficient (log P). Polar solvents are defined by a log P
smaller than 2, non-polar solvents by a log P greater than 4.
Both classes differ in their interaction with enzymes: Polar
solvents are often detrimental to enzyme integrity as they are
capable of stripping away enzyme-bound water from the first
hydration shell. This is usually accompanied by further
penetration of the solvent into the enzyme, causing structural
reorganization of the protein.33,34 Non-polar solvents are not
capable of stripping away water molecules from the enzyme
and are generally the more hospitable solvation environment
for biocatalysis. However, molecules of these solvents are
often located at hydrophobic regions of enzymes where they
can alter orientations of hydrophobic amino acid residues.
This can lead to different substrate specificities and
activities.35 Therefore, the presence of organic solvents in
reaction or storage media can introduce additional
challenges to the stability of enzymes, which is why enzymes
applied in industrial processes must be highly resilient.

The identification or generation of more robust [FeFe]-
hydrogenases that withstand harsh conditions is likely
essential for these enzymes to reach biotechnological
applicability. Resistance against O2 is one important aspect,
but so far, no [FeFe]-hydrogenase has been identified or
engineered that shows high H2 turnover activity in the
presence of air. However, the [FeFe]-hydrogenase CbA5H from

Clostridium beijerinckii can assume a conformational state in
which the H-cluster is shielded against O2 by a cysteine
residue that binds to the open coordination site of
[2Fe]H.

36–39 Although the enzyme is catalytically inactive in
this state it can be easily reactivated under reducing
conditions, which therefore allows a much easier handling of
CbA5H.36 Indeed, this robustness was recently exploited to
employ the air-purified enzyme in the regeneration of flavin
mononucleotide (FMN) and nicotinamide adenine
dinucleotide (phosphate) (NAD(P)+), which then served as co-
substrates for additional enzymes that converted substrates
of industrial interest.40,41 In addition to air, industrial
processes might include harsh environmental conditions,
detergents, or organic co-solvents.42 Several hydrogenases are
resilient against high temperatures, non-physiological pH
values and denaturating agents such as sodium dodecyl
sulfate (SDS), urea and guanidine.43,44 Investigations of
hydrogenase stability in organic solvents have been rather
scarce45–47 although, in addition to purely technical issues as
noted above, solvents might even stimulate hydrogenase
activity as shown for the [NiFe]-hydrogenase HynSL from the
purple sulfur bacterium Thiocapsa roseopersicina.47 Not least,
stability against organic solvents could define novel solvation
environments capable of dissolving alternative electron
donors and acceptors, such as photosensitizers on Ru(II)-tris-
bipyridine basis.48

Here, we analyzed the stability of the C. beijerinckii [FeFe]-
hydrogenase CbA5H towards diverse solvents. We aim to
describe novel solvation environments for [FeFe]-
hydrogenases to increase their applicability as biocatalysts.
The O2 stability of CbA5H already provides an important step
towards this goal.36,37 We examined its stability in different
organic solvents commonly used for cofactor solvation and
synthesis.14,49 Furthermore, we investigated its response to
environments with increasing hydrophobic properties as
these might prove beneficial for biocatalysis.

Results
Time-dependent stability of CbA5H in acetone, DMSO or
acetonitrile

We first tested the stability of CbA5H that was incubated in
30% (v/v in water) solutions of solvent for up to two hours to
gain an indicator for suitable incubation periods for
subsequent analyses. Here, we focused on solvents employed
for the chemical synthesis of [2Fe]H or its analogues
(acetonitrile) or its solvation (dimethyl sulfoxide (DMSO) and
acetone), which fall into the category of polar solvents (log P
values: DMSO = −1.35; acetonitrile = −0.34; acetone = −0.24;
values were obtained from the National Center for
Biotechnology Information's PubChem database; https://
pubchem.ncbi.nlm.nih.gov/). We judged enzyme stability
from the H2 production activity of solvent-incubated enzyme
compared to the control in an artificial electron delivery
system containing excess methylviologen and sodium
dithionite (details are described in the Experimental section).
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The activity of CbA5H remained unchanged after 2 h of
incubation in 30% (v/v) acetone (Fig. 1). Incubation in 30%
(v/v) DMSO resulted in a moderately decreased hydrogenase
activity of 80 ± 7% after 2 h, whereas no effect on enzymatic
activity was observed after 30 min (Fig. 1). In contrast,
incubation in 30% (v/v) acetonitrile resulted in decreased
activity of 87 ± 14% already after 30 min, and further
decreased H2 production rates (69 ± 14%) after 2 h of
incubation (Fig. 1). Note that we tested whether the solvents
we used here would affect the in vitro hydrogenase activity

assay in the highest concentrations employed (see below),
but this was not significantly the case (Table 1).

To distinguish whether any effects we observed on
hydrogenase activity might simply be due to susceptibility of
the cofactor alone, we employed Attenuated Total
Reflectance-Fourier Transform Infrared (ATR-FTIR)
spectroscopy to test whether the used solvents would affect
the chemical [2Fe]H analogue, which we term ‘[2Fe]MIM’

(‘MIM’ referring to ‘mimic’) here. ATR-FTIR is sensitive
towards the vibrations of the CO- and CN− ligands between
about 2200 and 1700 cm−1 and can be used to assess the
integrity of [2Fe]H within [FeFe]-hydrogenases or of free
[2Fe]MIM compounds.36,50 The spectra of [2Fe]MIM did hardly
change after a 120 min incubation in 30% (v/v) acetone or
acetonitrile (Fig. 2) save for minor peaks appearing in the
region sensitive for the CN− ligands (2036 cm−1). Incubation
for 120 min in 30% (v/v) DMSO, however, led to a loss of the
signals of the CN− ligands as well as of the typically observed
three Fe-CO signals. Instead, two prominent peaks at 1902

Fig. 1 Residual H2 production activity of the [FeFe]-hydrogenase
CbA5H after incubation in 30% (v/v) of acetone (grey), DMSO (light
grey) or acetonitrile (white) compared to the activity after incubation in
water (dark grey) for the same periods of time. Purified CbA5H was
pre-incubated in 20 μL of the solvent solutions or in water. Afterwards,
10 μL of the mixtures were added to 2 mL reaction assays of 100 mM
potassium phosphate buffer, pH 6.8, 100 mM sodium dithionite and 10
mM methylviologen. After 30 min of incubation at 37 °C, 400 μl of the
headspace were analyzed by gas chromatography to quantify H2. The
activity of CbA5H incubated in water was set to 100% and equalled
2200 U × mg−1. Columns show the averages of biological duplicates,
measured in technical duplicates. Error bars indicate the standard
deviation.

Table 1 Effects of the analyzed solvents on the hydrogenase activity
assay. The maximal concentrations of the solvents that were added to
hydrogenase activity assays by transferring solvent-incubated enzyme (10
μL of 90% (v/v) solvent solutions in a total volume of 2 mL, i.e. 0.45% (v/
v)) were added to the reaction mixtures (100 mM potassium phosphate
buffer, pH 6.8, 100 mM sodium dithionite, 10 mM methylviologen). The
activity of CbA5H was determined after 30 min of incubation at 37 °C in
these assays and compared to assays without solvents. The experiments
were conducted twice, employing two independent enzyme preparations.
Data show the percent activity ± standard deviation compared to the
controls, which were set to 100% and equalled 2200 U × mg−1

Solvent Activity (%)

Acetone 107.4 ± 7.7
Acetonitrile 93.1 ± 7.4
DMSO 107.4 ± 7.7
Methanol 96.5 ± 11.3
Ethanol 110.0 ± 5.9
1-Propanol 100.3 ± 6.7
2-Propanol 103.3 ± 8.7

Fig. 2 ATR-FTIR spectra of the free chemical [2Fe]H analogue (termed
[2Fe]MIM) incubated in 30% (v/v) acetone, DMSO, or acetonitrile for 120
min. [2Fe]MIM at a concentration of 5 mM was incubated in the solvent
solutions for 120 min and then transferred to the ATR crystal. It was
dried for 5 min on the crystal under a N2 :H2 (98 : 2) atmosphere until
signals were clearly distinguishable from background absorption. All
spectra were recorded against liquid blanks consisting of the
respective solvent solutions. The panel that depicts the spectrum of
[2Fe]MIM in 30% (v/v) DMSO (solid line) additionally shows the spectrum
of the same DMSO solution without the mimic after drying for 5 min
(dashed line).
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cm−1 and 1970 cm−1 arose (Fig. 2). Because of this strong
deviation of the typical [2Fe]MIM spectrum, we performed a
control experiment during which we dried a 30% (v/v) DMSO
solution for a longer period of time. Indeed, the signals at
1902 cm−1 and 1970 cm−1 appeared again and thus probably
stem from DMSO accumulating on the crystal (Fig. 2).

Whereas maturating [FeFe]-hydrogenase precursors with
chemical mimics is usually conducted in the timeframe of
minutes up to an hour,13,51 industrial biocatalytic processes
would probably take place for several hours. We were curious
about how long CbA5H would withstand incubation in 30%
(v/v) solutions of the above-mentioned solvents. The
experiments revealed that the H2 production activity of
CbA5H decreased more strongly from the four-hour
timepoint on (Fig. S1†), particularly in acetone and
acetonitrile. Its remaining activity appeared to stabilize in
acetone (22 ± 1% of activity left after 24 h), but hardly any
activity remained after incubating CbA5H in acetonitrile for
24 h (1 ± 0.4%; Fig. S1†). Its activity in 30% (v/v) of DMSO
remained at about 80% for 8 h but decreased to 37 ± 4% at
the 24 h timepoint (Fig. S1†).

We also investigated the long-term effects of the same
solvent solutions on two additional [FeFe]-hydrogenases that
are routinely investigated in literature, namely HydA1 from
Chlamydomonas reinhardtii and CpI from Clostridium
pasteurianum. HydA1 lost about 80% of its activity after only
4 h of incubation and displayed residual activities of 21 ± 7%
in acetone, 22 ± 9% in DMSO and 14 ± 5% in acetonitrile at
this time-point (Fig. S2†) so that it was not investigated for
longer periods of time. In contrast, CpI appeared to be more
resilient and retained residual activities of 46 ± 5% and 20 ±
7% after incubation for 24 h in 30% (v/v) solutions of acetone
and acetonitrile, respectively, and even 80 ± 6% in DMSO
(Fig. S3†).

Concentration-dependent stability of CbA5H in acetone,
DMSO and acetonitrile

We then tested for effects of different concentrations of the
same solvents on CbA5H activity and decided on a timeframe
of 30 min. As before, the enzyme was pre-incubated in the
indicated solvent solutions, and its hydrogenase activity was
determined afterwards. Due to this experimental setup, some
solvent was always transferred into the reaction mixture of
the hydrogenase activity assay. Although the final
concentrations of the solvents in this reaction mixture
reached maximally 0.45% (v/v), we tested whether this might
affect the assay itself. To this end, the activity of CbA5H was
compared in activity assays with or without 0.45% (v/v) of the
employed solvents, but its activities were not significantly
different, indicating that the solvents did not have a strong
effect on the assay (Table 1).

The incubation of CbA5H in different concentrations of
solvents revealed that incubating CbA5H for 30 min in
acetone solutions of up to 70% (v/v) had hardly an effect on
subsequent H2 generation activities, and after incubation in

90% (v/v) acetone, CbA5H still showed an activity of 86 ± 16%
compared to the enzyme incubated in water (Fig. 3). The
activity of the [FeFe]-hydrogenase was also quite stable in up
to 50% (v/v) DMSO, whereas the H2 production rate
decreased in 70% (v/v) DMSO (53 ± 8%). Incubation in 90%
(v/v) DMSO resulted in an almost complete loss of
hydrogenase activity (Fig. 3).

Acetonitrile had a noticeably different effect on CbA5H in
that it did not result in a continuously decreasing activity
(Fig. 3). Instead, while the percentual H2 production rates
decreased stepwise from 90 ± 12% in 10% (v/v) acetonitrile to
only 10 ± 4% in 50% (v/v) acetonitrile, they recovered in 70
and 90% (v/v) acetonitrile, reaching 66 ± 10% and 70 ± 10%
of the activity determined of the control (Fig. 3). Again, we
investigated the effect of these solvents on HydA1 and CpI
and documented similar effects on their residual H2

production capabilities (Fig. S4 and S5†).
ATR-FTIR spectroscopy on solvent-incubated enzymes was

conducted to determine whether changes in activity of
solvent-incubated CbA5H could be ascribed to different states
or to degradation of the H-cluster, or to strong changes in
secondary structure elements (Fig. 4). During catalysis, the
H-cluster assumes different redox states, which can be
observed in the infrared by specific absorption signals of the
CO- and CN− ligands between about 2100 cm−1 and 1800
cm−1. When CbA5H was purified under anoxic conditions,
the most prominent states observed are the so-termed state
Hox (bridging CO (μ-CO): 1799 cm−1; Fe–CO: 1940 cm−1 and
1964 cm−1; Fe–CN: 2080 cm−1 and 2091 cm−1) and HredH

+ (μ-
CO: 1810 cm−1; Fe–CO: 1893 cm−1, 1916 cm−1; Fe–CN: 2041
cm−1, 2075 cm−1), which can appear side-by-side in the
infrared spectrum.37 Upon exposure to oxygen or oxidants,

Fig. 3 H2 production activity of the [FeFe]-hydrogenase CbA5H after
incubation in the indicated concentrations (all in (v/v) in water) of
acetone (dark grey), DMSO (light grey) or acetonitrile (white). The
experimental procedure was the same as described in the caption of
Fig. 1, except that the time of incubation in the solvents was 30 min in
all cases. The columns show the averages of two independent
experiments employing biological duplicates. The standard deviation is
indicated by the error bars. The activities were always calculated to
those of the CbA5H enzyme incubated in water, which were set to
100% and equalled 2200 U × mg−1.
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CbA5H enters the catalytically inactive Hinact state (μ-CO:
1840 cm−1; Fe–CO: 1992 cm−1 and 2011 cm−1; Fe–CN: 2080
cm−1 and 2107 cm−1), in which the open coordination site at
the H-cluster is coordinated to the cysteine residue at
position 367.36–39

Secondary structures of polypeptides are often analysed by
FTIR through observing the amide I and II bands. The amide
I band is mainly composed of CO stretching vibrations of
the peptide backbone (∼1650 cm−1) whereas the amide II
band originates from N–H bending vibrations (1550 cm−1).
Both bands are strongly affected by the secondary structure
of the backbone and can be used for predictions of protein
secondary structures.52,53 We used solvent concentrations
equal to the concentrations in the corresponding protein
sample for blank measurements.

When the spectra of CbA5H before and after incubation in
90% (v/v) acetone were compared, both showed the typical
mixture of H-cluster redox states as listed above and were
hardly distinguishable, except signals at 2013 cm−1 und 1992
cm−1 that were only present in the acetone-treated enzyme

(Fig. 4a). We further investigated the shape of the amide I
and II bands before and after incubation of CbA5H in solvent
in order to document the effect of the solvents on protein
secondary structure. Comparing the signals in the amide
regions revealed no strong differences in the amide I and II
bands of CbA5H incubated in water or in 90% (v/v) acetone,
save for a minor decrease of the intensity of a shoulder at
1636 cm−1 (Fig. 4b).

In contrast, the spectra of CbA5H after incubation in 90%
(v/v) DMSO displayed loss of specific H-cluster signals
(Fig. 4c) as well as changes in the shape of the amide I band
with a new peak at 1626 cm−1 and broadening of the shape
between 1650 cm−1 and 1700 cm−1. In addition, the amide II
band shifted from 1541 cm−1 to 1535 cm−1 (Fig. 4d).

ATR-FTIR spectroscopy of CbA5H incubated in acetonitrile
reflected the activity measurements in that the signals of the
H-cluster of the enzyme incubated in 50% (v/v) acetonitrile
were lower than those recorded of CbA5H incubated in 30 or
70% (v/v) acetonitrile (Fig. 5a). While the amide II band of
the protein incubated in the acetonitrile solutions shifted

Fig. 4 Comparison of H-cluster signals (a and c) and amide bands (b and d) of CbA5H after 30 min of incubation in 90% (v/v) of acetone (a and b)
or DMSO (c and d) at 23 °C monitored by ATR-FTIR. The as-purified enzyme (3 μg) was incubated anoxically for 30 min at 23 °C in the indicated
solvents or in water before applying it onto the ATR-FTIR crystal. After drying the protein solutions for 5 min, the spectra were recorded against
blanks that were composed of the incubation solutions (water or solvent mixtures) only. a and c Show the signals in the H-cluster region, and the
peaks are coloured according to the prominent redox state (red: HredH

+, gray: Hox). b and d Show the amide I and II band regions.
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only slightly and lay between 1537–1542 cm−1, the amide I
band decreased in intensity at 1653 cm−1 after the enzyme
had been incubated in 50% (v/v) acetonitrile and a new peak
was distinguishable at 1620 cm−1 (Fig. 5b).

Stability of CbA5H in short chain alcohols

We also investigated the response of CbA5H to solvents with
gradually increasing hydrophobic properties as defined by
their partition coefficient log P (log P values: methanol =
−0.74; ethanol = −0.31; 2-propanol = +0.05; 1-propanol =
+0.25; values were obtained from the National Center for
Biotechnology Information's PubChem database; https://
pubchem.ncbi.nlm.nih.gov/). As described for the solvents
employed above, the [FeFe]-hydrogenase was incubated for 30
min in different concentrations of the solvents, and then its
H2 production activity was determined compared to the
control (Fig. 6). As before, we first tested whether these
solvents would affect the hydrogenase activity assay in the
highest concentrations that were transferred to the reaction
mixture with the pre-incubated enzyme (0.45% (v/v)).
However, the activity assays without and with these alcoholic
solvents resulted in very similar values (Table 1).

When the CbA5H enzyme was incubated for 30 min in 10
or 30% (v/v) methanol or ethanol, its activity remained at
nearly 100% of the control activity. However, when the
hydrogenase was exposed to the same solvents at higher
concentrations, it showed a stepwise decrease of activity,
particularly at 70 and 90% (v/v) (Fig. 6). CbA5H activity was
stronger impaired after incubation in 2-propanol, and
particularly 1-propanol, which resulted in lower residual
activities already in solutions of 30% (v/v) and 10% (v/v),
respectively (Fig. 6). Incubation in 1-propanol resulted in
almost complete loss of hydrogenase activity already in 30%
(v/v) solutions. CbA5H hardly tolerated incubation in any of
the alcohols when they were present as 70 and 90% (v/v)
solutions and only displayed residual activities of 10 to 15%
compared to the control activity (Fig. 6).

As before, we analyzed whether the alcoholic solvents
affected the integrity of the H-cluster or introduced changes
to the amide bands by ATR-FTIR. Similar to what was
observed in the activity assays, incubation of CbA5H in 30%
(v/v) of methanol (Fig. S6a†) or ethanol (Fig. S7a†) had only
little effect on the vibrational patterns of the H-cluster and
introduced only minor changes to the amide signals. In
contrast, no H-cluster signals were left after incubation in
70% (v/v) of either alcohol, and the amide bands were

Fig. 5 H-Cluster signals (a) and amide bands I and II (b) of CbA5H monitored by ATR-FTIR. The measurements were done as described for Fig. 4,
except that the indicated concentrations of acetonitrile were used for pre-incubation of CbA5H. For each measurement, a blank was conducted
with the same solvent concentrations that were employed for incubating the protein sample.
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changed regarding their shape and the position of their
maxima (Fig. S6 and S7†). The amide I signal of CbA5H
incubated for 30 min in 70% (v/v) methanol decreased
strongly in intensity and split into two peaks with maxima at
1655 cm−1 and 1621 cm−1, whereas the amide II band showed
a broader profile with its maximum shifted to 1529 cm−1

(Fig. S6†). Incubation in 70% (v/v) ethanol resulted in CbA5H
displaying a shifted absorption maximum of the amide I
band (from 1648 cm−1 to 1653 cm−1) and the appearance of a
shoulder between 1610 cm−1 and 1625 cm−1 (Fig. S7b†). The
shape of the amide II band of this CbA5H protein had
broadened, and the peak centre had shifted from 1542 cm−1

to 1539 cm−1 (Fig. S7b†).
ATR-FTIR spectra of CbA5H incubated in 2-propanol (30

and 50% (v/v)) showed a gradual decrease in H-cluster signal
intensities (Fig. S8a†), yet little changes to the amide signals
(Fig. S8b†). After incubation in 70% (v/v) 2-propanol,
however, the H-cluster signals were hardly detectable and the
amide I band had split into two signals at 1655 cm−1 and
1624 cm−1. Additionally, the shape of the amide II band had
broadened similar to the shape change after incubation in
70% (v/v) methanol and ethanol, respectively (Fig. S8b†).
Incubation of CbA5H in 10% (v/v) 1-propanol resulted in an
enzyme with lower intensities of the vibrational pattern of
the H-cluster compared to incubation in water, whereas
incubation in 30% (v/v) 1-propanol resulted in protein
samples that showed no specific signals for the H-cluster
anymore (Fig. S9a†). Incubation of the [FeFe]-hydrogenase in
10% (v/v) 1-propanol had little effect on the amide I and II

bands, but after incubation in 30% (v/v) 1-propanol, several
separate peaks could be detected in the amide I (1648 cm−1,
1676 cm−1, 1685 cm−1) and amide II band (1535 cm−1, 1546
cm−1, 1560 cm−1).

Discussion

Biocatalysts that can tolerate solvents may be integrated into
industrial processes that couple chemical and biological
catalysts,54 and in some instances, as mentioned in the
introduction, organic solvents even improve biocatalytic
performance.30 This latter effect has indeed also been
observed for a hydrogenase of the [NiFe]-type.47 However,
stability of enzymes in solvents is not only required for
several applied biocatalytic fields, but may also assist basic
research, as solvents can be used as probes for
understanding aspects of enzymatic mechanisms.55 The
stability of enzymes in the given solvents is a prerequisite for
these approaches. Here, we tested the stability of the enzyme
CbA5H, one of the few O2-stable [FeFe]-hydrogenases, in a
variety of organic solvents that are of relevance in chemical
syntheses and catalyses.

[FeFe]-Hydrogenases owe their high specific activity to
their specialized active site metal-cluster, the H-cluster.
Therefore, as is the case for many enzymes with inorganic
cofactors, organic solvents may influence their activity on
both the level of the polypeptide and the cofactor. As has
been shown for a multitude of enzymes34,56,57 organic
solvents may influence the conformation or conformational
dynamics of [FeFe]-hydrogenases or even result in their
denaturation. They might also attack, or coordinate to, the
cofactor, similar to several (ir)reversible inhibitors of [FeFe]-
hydrogenases that often target the open coordination site at
the distal Fe ion10,58,59 or the amine bridgehead.9 On the
other hand, the protein environment might shield the
cofactor.

The latter effect can indeed be well studied in the case of
[FeFe]-hydrogenases, because, as explained in the
introduction, natural and modified versions of the diiron-
subsite of the H-cluster can be chemically synthesized and
integrated into the protein post-translationally.13,14,19

Thereby, solvent effects on the free analogues (or ‘mimics’,
as we term them here) and on the assembled enzymes can be
compared. We first tested the medium-term (two hours)
effects of solvents common for chemical mimic syntheses or
solubilization, namely acetone, DMSO and acetonitrile on
both holo-[FeFe]-hydrogenase and free 2[Fe]MIM. We could
observe that while 30% (v/v) acetone and acetonitrile had
hardly any effects on the ATR-FTIR spectra of the free mimic
after 120 min of incubation (Fig. 1 and 2), 30% (v/v) DMSO
resulted in a drastically changed spectrum, which, according
to a comparison to dried 30% (v/v) DMSO solutions, very
likely represented signals from DMSO (Fig. 2). Because none
of the other signals typical for 2[Fe]MIM were visible, for
example in the region where the CN− ligands usually absorb,
it is likely that most of the mimic had degraded. Similar

Fig. 6 Residual activity of the [FeFe]-hydrogenase CbA5H after 30
minutes of incubation in methanol, ethanol, 2-propanol and
1-propanol in comparison to incubation in water. 960 ng of CbA5H
purified and maturated anoxically was incubated in 20 μL of the
indicated solvent solutions. Afterwards 10 μL of the enzyme solutions
were added to 2 mL reaction mixture (100 mM potassium phosphate
buffer pH 6.8, 100 mM sodium dithionite, 10 mM methylviologen).
After 30 minutes at 37 °C, 400 μL of the headspace were analyzed by
gas chromatography to quantify H2 production. Columns show the
averages of biological duplicates measured in technical duplicates. The
activities were always calculated to those of the CbA5H enzyme
incubated in water, which were set to 100% and equalled 2200 U ×
mg−1. Error bars indicate the standard deviation.
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effects of aqueous DMSO solutions were reported for a mono-
cyanide derivative of 2[Fe]MIM, which degraded in 50% (v/v)
DMSO in water over the course of two hours.27 In contrast,
treatment of holo-CbA5H with 30% (v/v) DMSO for two hours
resulted in an activity loss of only about 20%, suggesting that
the protein shielded the cofactor, either by excluding the
solvent or by protecting it from solvent attack through its
own interactions with the metal site. In contrast, incubation
of the assembled holo-enzyme in 30% (v/v) of acetonitrile for
two hours resulted in a notable decrease of hydrogenase
activity (Fig. 1), while the same incubation of the free
2[Fe]MIM revealed only minor signs of degradation in the
ATR-FTIR spectrum (Fig. 2), indicating that the negative
effect of this acetonitrile concentration on the enzyme was
due to a simultaneous degradation of cofactor and enzyme
structure.

We then tested concentration-dependent effects of various
solvents on the stability of CbA5H, and again employed its
remaining activity as well as ATR-FTIR spectroscopy to assess
the enzyme's state after solvent treatment. In addition to the
well-understood H-cluster signals, we recorded the amide I
and II bands to gain information on effects on the
polypeptide. Viewing all of these features side-by-side, a
general conclusion we can make is that the solvents we tested
here always showed similar extents of effects on protein
secondary structures and H-cluster integrity, paralleled by
equivalent changes in hydrogenase activity. The solvents we
tested can all be categorized as polar according to their log P
values (DMSO: −1.35; acetonitrile: −0.34; acetone: −0.24;
methanol: −0.74; ethanol: −0.32; 2-propanol: + 0.05;
1-propanol: + 0.25; values were obtained from the National
Center for Biotechnology Information's PubChem database;
https://pubchem.ncbi.nlm.nih.gov/). However, their chemical
characteristics and their corresponding effects on enzymes
differ, because both structure and reactive group of solvents
modulate their interaction with proteins.35,57,60 The –OH
group of alcohols can form H-bonds with enzymes, which
can lead to competition for enzyme-bound water molecules
or affect the structure directly by enhancing enzymatic
flexibility and thereby promoting unfolding. Acetone and
acetonitrile can have this effect, too, and they have
additionally been shown to be capable of penetrating into the
active center of proteins and changing its structural
organization.56 DMSO, on the other hand, appears to mostly
introduce structural changes to enzymes by targeting and
solvating exposed hydrophobic amino acid residues.35,61

For the effect of the here analysed solvents on CbA5H, the
shapes of the amide I bands, and the signals recorded in the
signal range sensitive for vibrations of the H-cluster help to
explain the response of the enzyme towards the respective
solvent. Perhaps most notable in the context of protein
conformation are observed changes of the amide I band,
which is an important indicator for a protein's secondary
structure elements.53 In all solvent solutions that caused a
loss of subsequently measured hydrogenase activity of
CbA5H, the amide I band split into two peaks (90% DMSO

(Fig. 4), 50% acetonitrile (Fig. 5), 70% methanol (Fig. S6†),
70% 2-propanol (Fig. S8†); all percent values in (v/v)) or
revealed a prominent shoulder at lower wavenumbers (70%
(v/v) ethanol (Fig. S7†)). Whereas α-helices usually absorb the
strongest at 1655 cm−1, β-sheets result in strong absorption
at around 1630 cm−1 and 1690 cm−1,62 although the number
of strands and whether they are antiparallel or parallel affects
the position of the main band.53 Our observation of signals
arising in the range between 1620 cm−1 and 1630 cm−1 in
CbA5H proteins after incubation in detrimental solvent
solutions therefore suggests the formation of highly ordered
intermolecular β-sheets in the naturally mostly α-helical
enzyme.38 Indeed, similar observations have been made, and
similar conclusions drawn, in the context of pressure- and
temperature-dependent degradation of CbA5H.63 In contrast
to the latter study, however, we saw no clear increase in the
range of 1690 cm−1, suggesting that the β-sheets induced by
solvents differ from those that arise in high temperature.63 In
addition to these prominent changes of the amide I bands,
in most of the same cases we observed a broadening of the
amide II band. This indicates that N–H bending was affected
by the deleterious solvent solutions, which likely altered the
local H-bonding network.62

In contrast, the amide I and II bands of CbA5H solutions
that retained high activity after incubation in different
solvents and/or different concentrations of solvents showed
little or no changes. This suggests that these protein
populations maintained the native structure and indicates
that the respective (concentration of) solvent(s) were tolerated
by the enzyme. Whether, on a molecular level, this stability
towards certain solvent environments is related to the high
temperature and pressure tolerance of CbA5H63 requires
additional studies, such as Molecular Dynamics simulations
that have, for example, often been implemented to analyse
effects of solvents on protein flexibility.15,35

It is noteworthy that all solvent solutions that resulted in
loss of hydrogenase activity as well as changes to the amide I
and II bands of the preincubated CbA5H populations affected
the H-cluster signals of the ATR-FTIR spectra
correspondingly, in that the signals lost intensity or
disappeared altogether. At this point, we cannot distinguish
whether the H-cluster – or parts thereof – was expelled from
the respective proteins upon their conformational changes or
whether it was degraded, or both. Note that the free 2[Fe]MIM

results in much less intense ATR-FTIR signals than the
H-cluster within the hydrogenase polypeptide, which can be
seen when comparing the signals and concentrations of free
mimic (5 mM; Fig. 2) and hydrogenase (roughly 4 μM) (e.g.
Fig. 4). However, as the H-cluster signals of the less affected
CbA5H solutions did hardly show changed patterns, save for
two peaks after incubation in 90% (v/v) of acetone, we can
assume that none of the solvent molecules changed the redox
state of the H-cluster or formed a covalent bond to it. This
supports our hypothesis that the solvents analysed here
mostly or at least initially affected the protein structure, as
opposed to the active site cofactor.
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Comparing the effects of the different organic solvents we
tested here, the general trend appeared that they affected the
[FeFe]-hydrogenase CbA5H the more the higher their
concentrations, although some solvents, such as 2-propanol,
were detrimental at lower concentrations than others.
However, acetone and acetonitrile were exceptions. CbA5H
was remarkably resistant against acetone, showing hardly
impaired activity, H-cluster signals or amide bands even after
incubation in 90% (v/v) acetone (Fig. 3 and 4). It should be
noted that 90% (v/v) acetone solutions are commonly used
for protein precipitation, although the incubation is usually
done at sub-zero temperatures and for longer periods of time.
For the time being we cannot distinguish whether CbA5H
stays soluble in this acetone concentration or whether it
precipitates in a way that allows an almost complete
reactivation of the enzyme upon its transfer to the
hydrogenase activity reaction mixture. However, both
scenarios would imply a high resilience of the native CbA5H
structure to this high concentration of acetone. Acetonitrile,
on the other hand, resulted in inversed bell-shaped effects on
all levels tested – activity, H-cluster, amide bands – in that all
parameters showed a progressively impaired enzyme status
from 10 to 50% (v/v) but rather healthy proteins in 70 and
90% (v/v) of acetonitrile (Fig. 3 and Fig. 5). The ATR-FTIR
spectrum of the enzyme incubated in 50% (v/v) acetonitrile
revealed lower intensities of the H-cluster signals in
combination with a split amide I band, suggesting that this
solvent mixture changed the polypeptide structure, which
also led to a loss of H-cluster or to its degradation. As these
changes were not observed in lower or higher acetonitrile
concentrations, it seems that the most hostile environment
for the enzyme is a 50 : 50 mixture of acetonitrile and water.
Indeed this inverse bell-shaped stability pattern in
dependence of solvent concentration in water has often been
observed, for example in the case of lysozyme and
subtilisin,64 and is believed to be based on the interplay of
conformational mobility and stability of the protein.35,65 At a
certain water content, many enzymes behave as in aqueous
solutions, whereas above a certain threshold of the water
concentration, the enzyme becomes too flexible and starts to
unfold.55,66 Here, we assume that at acetonitrile
concentrations below 50% (v/v) the conformational stability
of CbA5H was sufficiently resilient to counteract disrupting
effects of solvent molecules whereas at concentrations higher
than 50% (v/v) its conformational mobility would be reduced,
effectively counteracting conformational instability.

Domain arrangements and oligomeric structures of [FeFe]-
hydrogenase vary greatly.67 We could find only few studies
addressing the solvent tolerance of these H2-converting
enzymes so that we cannot predict whether [FeFe]-
hydrogenases would generally be suited for biocatalysis in
non-aqueous environments. When comparing our findings to
previous studies on different hydrogenases it appears that
CbA5H is somewhat more resilient than these hydrogenases
in the short-term: A hydrogenase from Chromatium has been
reported to withstand incubation in 50% DMSO, but to be

completely inactivated after incubation in 80% solutions,44

and a similar behavior was reported for a hydrogenase
isolated from Megasphaera elsdenii.46 Our own study shows
that the model hydrogenases HydA1 from C. reinhardtii and
CpI from C. pasteurianum, which both have very different
structures than CbA5H, retained quite similar levels of
activity after short-term incubation in different
concentrations of acetone, DMSO and acetonitrile as CbA5H
(Fig. S6 and S7†). This high stability during short term
exposure could be of particular interest for maturation
experiments of [FeFe]-hydrogenases with modified versions of
2[Fe]MIM that are only soluble in high concentrations of
organic solvents. However, although the enzymes analyzed
here tolerate high concentrations of organic solvents when in
their maturated holo-form, the solvents might affect the
maturation process itself. This would have to be tested before
conclusions on the activity of a certain cofactor mimic could
be drawn.

While most scientific approaches that require the
presence of organic solvents would be completed after a few
hours at most, integrating [FeFe]-hydrogenases into industrial
approaches would probably require their long-term stability
in said solvents. Exposure of CbA5H for up to 24 hours to
acetone, DMSO and acetonitrile (all 30% (v/v)) revealed that
CbA5H lost about 50% of its activity after being incubated in
DMSO for 16 hours, in acetone for 8 hours, and in
acetonitrile for 2 hours (Fig. S1†). In these experiments, C.
pasteurianum CpI proved to be more resilient (Fig. S3†),
whereas the small algal [FeFe]-hydrogenase HydA1 was much
more susceptible and lost about 50% of its activity already
after 2 hours (Fig. S2†). In perspective, a [NiFe]-hydrogenase
from Thiocapsa roseopersicina revealed resistance against
highly concentrated acetone and acetonitrile solutions as well
as against intermediate concentrations of methanol, ethanol
and DMSO over time frames of 20 hours.47 [FeFe]-
Hydrogenases are usually much more active than other
hydrogenase types, and CbA5H has the additional advantage
of being stable in air. However, for long-term applications
the enzyme would require further stabilizing modifications,
which could include protein engineering or immobilization
on carrier matrices.68,69

Conclusion

The [FeFe]-hydrogenase CbA5H displays stability towards
several of the organic solvents analyzed here, particularly
towards high concentrations of acetone and acetonitrile (up
to 90% (v/v)), medium to high DMSO concentrations (50 to
70% (v/v)) and low to medium concentrations of ethanol and
methanol (30 to 50% (v/v)). Although the enzyme lost most of
its activity after long-term incubation in acetone, DMSO and
acetonitrile, CbA5H has the additional advantage of being
O2-stable, which would make any handling of the enzyme on
an industrial scale much easier. Its stability in several
solvents could facilitate its application in semi-natural
approaches, such as in combination with photosensitizers or

Catalysis Science & Technology Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

7 
N

ov
em

be
r 

20
24

. D
ow

nl
oa

de
d 

on
 1

0/
31

/2
02

5 
12

:2
8:

36
 A

M
. 

 T
hi

s 
ar

tic
le

 is
 li

ce
ns

ed
 u

nd
er

 a
 C

re
at

iv
e 

C
om

m
on

s 
A

ttr
ib

ut
io

n 
3.

0 
U

np
or

te
d 

L
ic

en
ce

.
View Article Online

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4cy01018c


7102 | Catal. Sci. Technol., 2024, 14, 7093–7106 This journal is © The Royal Society of Chemistry 2024

artificial light harvesting systems.70–72 For example, very
recently, the [FeFe]-hydrogenase CpI was combined with a
photo-absorbant cyanamide-modified graphitic carbon
nitride matrix that resulted in light-dependent hydrogen
production coupled to the selective oxidation of alcohols.42

Catalysts systems like these could greatly benefit from
organic solvent environments as this could increase the
range of mediators and substrates.

Experimental
Enzyme production and purification

The [FeFe]-hydrogenases analysed here (Clostridium
beijerinckii CbA5H, Chlamydomonas reinhardtii HydA1 and
Clostridium pasteurianum CpI) were heterologously produced
in Escherichia coli as reported before.73,74 E. coli BL21(DE3)
ΔiscR cells74 were transformed by electroporation (2.5 kV; 25
μF; 600 Ω; 13.8 ms) with pET21b expression vectors into
which the hydrogenase-encoding sequences had been
introduced. E. coli cells were incubated in 500 μL LB medium
for 1 h and then plated on LB agar–agar plates containing 40
μg × mL−1 kanamycin and 100 μg × mL−1 ampicillin for
selection. The plates were incubated overnight at 37 °C. From
these plates, colonies were picked and transferred to 100 mL
precultures (LB-3-(N-morpholino)propanesulfonic acid
(MOPS), pH 7.4, 40 μg × mL−1 kanamycin and 100 μg × mL−1

ampicillin) and incubated at 37 °C overnight, shaking at 130
rpm.

Expression cultures contained 0.5% (w/v) glucose, 2 mM
ammonium iron III citrate, 40 μg × mL−1 kanamycin and 100
μg × mL−1 ampicillin in a total volume of 1 L. Cultures were
inoculated with the precultures to an OD600 of 0.05 and
incubated at 37 °C for 2 h, shaking at 130 rpm. After
reaching an OD600 of 0.5, the cultures were transferred into 1
L Schott flasks and placed into an anoxic chamber (Coy
Laboratory Products Inc., https://coylab.com/) containing an
atmosphere of N2 :H2 98 : 2). Sodium fumarate (4 g × L−1) and
cysteine (0.3 g × L−1) were added, and the E. coli cultures were
incubated for at least 30 min in the anoxic chamber at room
temperature (RT). Then, expression of the constructs was
induced by adding 0.5 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) and the expression cultures
were incubated at RT overnight upon stirring with a magnetic
stir bar.

Harvesting of the E. coli cells and purification of the
Strep-tagged [FeFe]-hydrogenase were carried out under
anoxic conditions (c(O2) < 35 ppm) in the anoxic chamber,
except for centrifugation steps. Cells were harvested in 1 L
centrifugation flasks for 20 min at 4700 × g and 4 °C. The
pellets were resuspended in 100 mM Tris-HCl, pH 6.8, with 2
mM sodium dithionite (NaDT), 10 mg lysozyme and 1% (v/v)
Triton X-100, and incubated on ice for 20 min. Cell lysis was
done via sonication (Branson Sonifier 250, 5 cycles à 45
seconds, output level 3, 2 min breaks between cycles,
solutions were kept on ice during the process). Lysate
separation was performed by ultracentrifugation (120 000 × g,

4 °C, 60 min), and afterwards, the supernatant was cleared by
passing it through 0.2 μm pore size sterile filters.

Proteins were purified using the Strep-Tactin system. 5 mL
gravity flow columns containing Strep-Tactin® Superflow®
high capacity resin (IBA Lifesciences GmbH, https://www.iba-
lifesciences.com) were loaded with the cleared lysate and
washed with 20 mL of 100 mM Tris-HCl, pH 8, 2 mM NaDT.
Target proteins were eluted by the same buffer, but
supplemented with 2.5 mM desthiobiotin. Protein
concentrations were determined employing Quick Start
Bradford Protein Assay reagent (BioRad, https://www.bio-rad.
com). Enzyme solutions were stored anoxically (in 100 mM
Tris-HCl, pH 8, 2 mM NaDT, 2.5 mM desthiobiotin) at −80 °C
for further use.

[FeFe]-Hydrogenase maturation

By employing the heterologous production protocol described
above, [FeFe]-hydrogenases are equipped with the [4Fe4S]-
subcluster of the H-cluster only. For subsequent completion
of the H-cluster, purified enzymes were maturated in vitro as
described before.13 The proteins were incubated with a 10-
fold molar excess of the chemically synthesized [2Fe]H sub-
cluster termed ‘[2Fe]MIM’ here ([2Fe2[μ-(SCH2)2NH]
(CN)2(CO)4]

2−)75 for 1 h at 4 °C. Maturated enzymes were
separated from excess mimic by size exclusion
chromatography using NAP5 columns (NAP 5 column, GE
healthcare, https://www.gehealthcare.de). Enzymes were
eluted in 100 mM potassium phosphate buffer, pH 6.8,
containing 2 mM of NaDT. Enzyme solutions were
concentrated using 30 kDa spin filters (Amicon Ultra 0.5 mL,
Merck Millipore, https://www.merckmillipore.com). Final
protein concentrations were determined as described above.

Incubation of [FeFe]-hydrogenases in solvents

The recombinant purified and maturated [FeFe]-
hydrogenases (960 ng in the case of subsequent in vitro
activity assays, and 3 μg for subsequent spectroscopy; see
below) were incubated in closed 1.5-mL reaction tubes in a
volume of 20 μL of water with different volumetric
percentages (v/v) of solvent (0, 10, 30, 50, 70 or 90%) at 23 °C
in the anoxic glove-box containing a N2/H2 atmosphere (98 :
2). Incubation times differed and are indicated in the text.
Prior to employing the solvents for the incubation of the
enzymes, oxygen was removed from the liquids by purging 1
mL of solvent in 8 mL sealed headspace flasks with Argon
gas for 8 minutes.

Hydrogenase activity assay

Hydrogenase activity was assayed employing an artificial
electron delivery system. Ten μL of the [FeFe]-hydrogenase
solutions prepared and incubated as described above were
added to 100 mM potassium phosphate buffer, pH 6.8, 100
mM NaDT and 10 mM methyl viologen in a total volume of 2
mL in 8 mL headspace flasks. To test for any effects of the
solvents on the assay itself, the maximum concentration of
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the given solvents that were transferred to the assay (0.45%
(v/v)) were added to the same reaction mixtures. Maturated
and not solvent-exposed CbA5H hydrogenase was added to
these mixtures as well as to assays without solvents. In all
cases, the flasks were sealed with red-rubber Suba-Seal Septa
(Sigma-Aldrich/Merck; https://www.sigmaaldrich.com),
purged with pure argon for 3 min and then incubated in a
shaking water bath at 37 °C for 30 min. Afterwards, 400 μL of
the headspace gas were injected into a gas chromatograph
equipped for H2 detection (model GC-2010-Plus (Shimadzu;
https://www.shimadzu.de) equipped with a purged packed
inlet, Molesieve 5A column (30 m, ID 0.53 mm, film 25 mm)
and thermal conductivity detector, using argon as carrier
gas). Specific activity was calculated in units (U) per mg
enzyme, U being defined as the production of 1 μmol H2 per
minute. All measurements were done in technical duplicates
employing two independent protein batches.

Attenuated total reflection-Fourier transform infrared (ATR-
FTIR) spectroscopy

ATR-FTIR measurements were performed as described
before.76 In brief, a Bruker Tensor II spectrometer (Bruker
Optik) equipped with a BioATR cell II (Harrick, https://
harricksci.com/) carrying a double-reflection ZnSe/Si crystal
was employed. The scan resolution was set to 2 cm−1. Both
sample incubation and measurement were carried out under
a N2/H2 atmosphere (98 : 2). Samples were dried for 5 to 10
min until H-cluster signals were clearly distinguishable from
background absorption. Before analysing the protein
samples, the system was blanked against the same solvent
concentration employed for incubating the protein sample or
the free cofactor mimic [2Fe]MIM. Data analysis and peak
determination was performed using Origin Pro 2023, and
H-cluster signal heights were normalized to the amide II
band.
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