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[FeFe] hydrogenases have attracted extensive attention in the
field of renewable energy research because of their remarkable
efficiency for H2 gas production. H2 formation is catalyzed by a
biologically unique hexanuclear iron cofactor denoted the H-
cluster. The assembly of this cofactor requires a dedicated
maturation machinery including HydF, a multidomain [4Fe4S]
cluster protein with GTPase activity. HydF is responsible for har-
boring and delivering a precatalyst to the apo-hydrogenase, but
the details of this process are not well understood. Here, we utilize
gas-phase electrophoretic macromolecule analysis to show that a
HydF dimer forms a transient interaction complex with the hy-
drogenase and that the formation of this complex depends on the
cofactor content on HydF. Moreover, Fourier transform infrared,
electron paramagnetic resonance, and UV-visible spectroscopy
studies ofmutants ofHydF show that the isolated iron-sulfur clus-
ter domain retains the capacity for binding the precatalyst in a re-
versible fashion and is capable of activating apo-hydrogenase in in
vitro assays. These results demonstrate the central role of the
iron-sulfur cluster domain of HydF in the final stages of H-cluster
assembly, i.e. in binding and delivering the precatalyst.

Hydrogenases are metalloproteins that catalyze the reversi-
ble interconversion of protons and electrons to molecular
hydrogen and are often divided into different classes based on
the nature of the catalytic cofactor (1, 2). In the case of [FeFe]
hydrogenases (HydA), the reaction is catalyzed by a hexanu-
clear iron complex, the H-cluster. This cofactor is composed of
a canonical four-cysteine coordinated FeS cluster ([4Fe4S]H)
coupled to a low-valence (Fe2

I,I/II,II) diiron site, the [2Fe]
subsite. The latter complex is coordinated by carbonyl and cya-
nide ligands, as well as a bridging dithiolate ligand (adt =
2SCH2NHCH2S

2). The biosynthesis of the H-cluster is a com-
plex, multistep process, during which the [4Fe-4S]H-cluster is
first assembled by the standard house-keeping FeS cluster ma-
chinery (3–5). The active hydrogenase is then generated
through the combined activities of at least three [FeFe] hydro-
genase-specific maturation enzymes, denoted HydE, HydG,
and HydF, responsible for the synthesis and insertion of the
[2Fe] subsite (Fig. 1) (6). More specifically, HydE and HydG are

radical SAM enzymes responsible for the construction of a
[2Fe] subsite precatalyst on HydF, a scaffold protein that deliv-
ers the cofactor to the hydrogenase (7–17). A combination of
FTIR spectroscopy, biochemical assays, biomimetic model
chemistry, and DFT calculations has revealed that this precata-
lyst is strikingly similar to the synthetic [2Fe] subsite mimic
[Fe2(adt)(CO)4(CN)2]

22 ([2Fe]adt) (14, 18–20).
The HydF protein is a GTPase containing a [4Fe-4S] cluster

(21). More specifically, X-ray crystallography studies have
shown that HydF has three distinct domains, a GTPase domain,
a dimerization domain, and a FeS cluster binding domain (18,
22). Point mutations in the walker-loop of the GTPase domain,
as well of the FeS binding cysteine residues, have been shown to
impair HydF function and prevent assembly of a functional
[FeFe] hydrogenase under in vivo conditions (6). The GTPase
function appears to be critical during the interaction between
HydF and HydE as well as HydG, i.e. upstream in the [2Fe] pre-
catalyst biosynthetic pathway (23). The GTP hydrolysis plays a
key role in the dissociation of HydF from HydE and HydG, but
it does not seem to influence the interaction with HydA (17).
The dimerization domain exhibits a hydrophobic surface that
leads to a strong hydrophobic interaction between two copies
of the HydF polypeptide, both for the apo-form as well as for
the FeS cluster-containing form ([4Fe-4S]-HydF) (18, 22). The
third domain contains three conserved cysteines and a gluta-
mate residue responsible for the coordination of the [4Fe-4S]
cluster on HydF. The function of the [4Fe-4S] cluster is still not
fully elucidated, but spectroscopic studies of HydF from Ther-
motoga maritima suggest that it is involved in binding of the
precatalyst to HydF. This is further supported by recent single-
point-mutation studies of HydF fromThermosiphomelanesien-
sis (14, 18). Still, crystallographic support for this model is lack-
ing, and the importance of the different domains for binding
the [2Fe] precatalyst and for the HydF–HydA interaction
remains unknown. The dependence on efficient coexpression
of HydG and HydE for generation of the active form of HydF, i.
e. a form carrying the precatalyst, has complicated studies of
this protein. However, it was recently shown how this can be
circumvented: HydF expressed in the absence of HydE and
HydG can be loaded with synthetic analogues of the [2Fe] pre-
catalyst to generate semisynthetic forms of the protein indistin-
guishable from HydF expressed in the presence of HydE and
HydG (14, 18, 19). Whereas these biophysical and crystallo-
graphic studies on both “native” and semisynthetic forms have
provided an increasingly detailed view of the HydF protein, the
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mechanism by which it interacts with, and activates, the hydro-
genase enzyme is still, to a large extent, unknown.
Here, we report on the quaternary structure of the HydF pro-

tein and the HydF–HydA interaction complex as a function of
metal content in the two proteins, elucidated using primarily
gas-phase electrophoretic macromolecule analysis (GEMMA), a
technique highly suitable for probing weak protein interaction
complexes (24, 25). The GEMMA reveals a transient interaction
between the two proteins. Moreover, the influence of the differ-
ent domains of HydF is further probed through the preparation
of truncated forms of HydF, lacking either the dimerization do-
main (HydFDD) or both the dimerization as well the GTPase do-
main (HydFDDG) (see the supporting information for amino
acid sequences). Both truncated constructs retained the capacity
to bind the [2Fe]adt precatalyst, verifying the role of the FeS clus-
ter domain for harboring the diiron complex prior to transfer to
apo-HydA. Moreover, neither the GTPase nor the dimerization
domain was found to be critical for releasing the precatalyst once
bound to HydF, as both HydFDD and HydFDDG could activate
apo-hydrogenase under in vitro conditions.

Results

Quaternary structure of HydA1, HydF, and their interaction
complex

To monitor the effect of cofactor loading on the quaternary
structure of HydF and HydA, as well as their interaction behav-

ior, a series of samples of the two proteins was prepared with
varying metal cofactor content. As the maturation proteins are
well conserved, we utilized HydF from T. maritima and the
HydA1 [FeFe] hydrogenase from Chlamydomonas reinhard-
tii as our model proteins (6, 26, 27). These two proteins are
well characterized in vitro, and it has been previously estab-
lished that T. maritimaHydF is capable of activating HydA1
(1, 14, 28). More specifically, both HydF and HydA1 were
expressed and purified under aerobic conditions, and metal-
free apo-proteins (apo-HydF and apo-HydA1) were pre-
pared via chelation of residual metal ions under reducing
anaerobic conditions. The FeS clusters were then reconsti-
tuted by following literature protocols, with minor modifi-
cations, to generate [4Fe-4S]-HydF and [4Fe4S]-HydA1 (29,
30). Finally, semisynthetic forms of holo-HydF and holo-
HydA1 were prepared by treating [4Fe-4S]-HydF and [4Fe-
4S]-HydA1 with a 12-fold excess of [2Fe]adt, as previously
described (14, 18, 31).

Examining quaternary structure of the apo-proteins by
size-exclusion chromatography and GEMMA

The size-exclusion chromatography was performed on the
apo-proteins on a Superdex-200 column, directly following the
demetallization procedure. Samples of apo-HydF featured a
peak at 63 ml (P1) together with a larger peak at 70ml (P2) (Fig.
2A, top). In the case of apo-HydA1, a similar, albeit slightly
shifted, chromatogram was observed, displaying a dominant
peak (P2) at 75 ml, preceded by a smaller peak at 65 ml (P1)
(Fig. 2A, bottom).
The corresponding elution fractions were collected and con-

centrated separately. After buffer exchange, the proteins were
measured with wide-scan GEMMA (1 kDa to 10 MDa). The
GEMMA spectrum of the P2 fraction of apo-HydA1 exhibits a
peak close to 50 kDa (Fig. 2B, spectrum HydA P2), together
with an additional minor peak at 100 kDa. The 50-kDa peak
corresponds well to a monomeric form of HydA1 (theoretical
mass, 49 kDa), in agreement with earlier studies showing that
the enzyme is monomeric in solution. In the case of apo-HydF,
the P1 fraction exhibits a large peak at;200 kDa, together with
two other minor peaks at 100 and 300 kDa (Fig. 2B, spectrum
HydF P1). The molecular weight of the HydF protein is ’45
kDa; thus, we assign the peaks to tetrameric, dimeric, and hex-
americ forms of the HydF protein. We conclude that the first
peak (P1) of the size-exclusion chromatogram represents the
tetrameric form of apo-HydF.
The GEMMA spectrum of the P2 fraction of apo-HydF is

more complex. The strongest peak in the spectrum appears
around 100 kDa, in agreement with the successful isolation of
dimeric apo-HydF (Fig. 2B, spectrum HydF P2). However,
significant peaks are also observable at 200 and 300 kDa,
suggesting that the dimer form of apo-HydF is unstable on
the time scale of the experiment. This conclusion is further
supported by time-dependent GEMMA studies. The higher-
molecular-weight peaks increased in intensity in the P2 pro-
tein samples on a minute time scale, even for apo-HydF
samples kept on ice under strict anaerobic conditions (data
not shown).

Figure 1. Schematic representation of the metal cofactors in HydF and HydA
and thematuration of [FeFe] hydrogenase by HydF.

Studying the HydF–HydA interaction

11892 J. Biol. Chem. (2020) 295(33) 11891–11901

 at U
ppsala U

niversitetsbibliotek on O
ctober 28, 2020

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


The effect of cofactor content on the quaternary structure of
isolated HydF and HydA1

The crystal structures of both apo-HydF and [4Fe-4S]-HydF
clearly support the dimeric nature of the protein. In addition,
both reported structures reveal the formation of a tetrameric,
or dimer-of-dimers, structure. In the apo-protein, the dimer-
of-dimers is formed via disulfide bridges involving the cysteines
in the FeS cluster domain (22). These residues are involved in
metal ligation in [4Fe-4S]-HydF, preventing their formation of
disulfide bridges. In the latter case, the formation of the dimer-
of-dimers is instead potentially a result of crystal packing (18).
To clarify the influence of the metal cofactors on the quater-
nary structure of HydF, holo-HydF was assembled in a stepwise
fashion, and apo-HydF, [4Fe-4S]-HydF, and holo-HydF each
were analyzed by GEMMA. Likewise, apo-HydA1, [4Fe-4S]-
HydA1, and holo-HydA1 were prepared and analyzed in paral-
lel assays.
As seen in Fig. 3A, HydA1 remained predominantly mono-

meric regardless of cofactor loading. In the case of HydF, the di-
meric form of the protein dominated themass spectrum, with a
substantial fraction of tetrameric forms also discernable in all
cases. However, a significant reduction in the higher-molecu-
lar-mass species (hexamers and larger) was observed for the
metal-loaded forms. These results show that there is no drastic
change in the appearance of dimeric and tetrameric forms of
HydF as a function of cofactor content. Apart from the FeS
cluster binding cysteines, there is one additional cysteine resi-
due present in the protein. However, the latter cysteine is rela-
tively buried in the GTPase domain and unlikely to be involved
in interprotein disulfide formation (see Fig. S2 and S3 for pre-
dicted Thermotoga maritima HydF [TmHydF] structures).
Thus, the observation that a fraction of metal loaded HydF also
exists in tetrameric form shows that disulfide formation is not
the sole contributor to the formation of the dimer-of-dimer
HydF complex. Instead, the tetrameric form of HydF is likely to
be attributable to interactions between the dimerization and
FeS cluster binding domains of two HydF dimers, as suggested
from the XRD data of [4Fe4S]-HydF (18). This complex could,

in turn, promote the formation of interdimer disulfide bridges,
providing a strong covalent linkage (22). Still, the formation of
multimeric forms can be reduced by introducing the [4Fe4S]
and [2Fe]adt cofactors, supporting the notion that they, to a
large extent, arise from disulfide formation via the cluster bind-
ing cysteine residues.

The effect of cofactor content on the HydF–HydA1 interaction

The final stages of H-cluster assembly are initiated with the
transfer of the precatalyst from HydF to HydA1. To probe the
structure and stability of the expected interaction complex
between the two proteins, mixtures of HydF and HydA1 were
prepared and analyzed by GEMMA. More specifically, apo-
HydA1, [4Fe-4S]-HydA1, or holo-HydA1 was mixed with apo-
HydF, [4Fe-4S]-HydF, or holo-HydF, and the masses of the
resulting interaction complexes were recorded.
A distinct peak was observed at’150 kDa when HydA1 was

mixed with either [4Fe-4S]-HydF or holo-HydF (Fig. 4, middle
and top spectra, and Fig. S4). This peak most likely is attribut-
able to an interaction complex consisting of a HydF dimer and
a monomeric HydA1 protein (HydF2HydA1). In addition,
peaks attributable to monomeric HydA1, as well as dimeric and
tetrameric HydF, were clearly visible in all spectra. Similar
trends were observed when either apo-HydA1 (Fig. 4A) or
[4Fe-4S]-HydA1 (Fig. 4B) were present. Interestingly, the inter-
action peak at 150 kDa changed in response to the cofactor
content of HydF. In the presence of metal-loaded HydF, i.e. ei-
ther [4Fe4S]-HydF or Holo-HydF, the peak at 150 kDa was
clearly observable, whereas the larger oligomeric forms of
HydF could not be discerned (Fig. 4, top and middle spectra).
Mixtures of apo-HydF and HydA1, on the other hand, resulted
in complicated spectra (Fig. 4, bottom, and Fig. S4), and only
traces of a feature attributable to a HydF2–HydA1 interaction
could be discerned. Instead, the latter spectra mainly displayed
peaks arising from monomeric HydA1 and dimeric HydF.
Moreover, additional peaks attributable to the tetrameric form
of HydF, as well as larger HydF protein complexes, were clearly
visible in the spectra, in agreement with studies of the apo-

Figure 2. A, SEC chromatograms of the apo-HydF (top) and apo-HydA1 (bottom). Running conditions were 0.8ml/min flowrate, 50mM Tris-HCl, pH 8.0, 150mM

NaCl. B, the corresponding GEMMA spectra recorded for the different fractions of the apo-HydF and apo-HydA1 proteins obtained from SEC. Running condi-
tions were 0.02 mg/ml protein in 20mM ammonium acetate and 0.005% Tween 20.
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HydF protein in isolation (Fig. 3B). It should be noted that par-
tial formation of holo-HydA1 can occur in assays with holo-
HydF. However, on the minute time scale of these assays, this
should only influence a minor fraction of the [4Fe4S]-HydA1
sample (19). Still, this latter effect could explain the apparent
decrease in HydA affinity of holo-HydF compared with that of
[4Fe4S]-HydF (Fig. S5).
In summary, the GEMMA data support a model where a

dimer of HydF interacts with HydA1, and that this binding is at
least partially determined by the cofactor loading of HydF. The
reverse scenario, with a monomeric HydF interacting with a di-
meric HydA, is possible but unlikely, in light of the observations
reported here and earlier, that HydF always exists in dimeric or
larger forms in solution and in cristallo (18, 21, 22, 32). This
dimerization behavior is attributable to the very strong hydro-
phobic interaction between the dimerization domains, which
exhibits a very hydrophobic surface (Fig. S3). No distinct inter-
action peak was observed that suggested a complex between a
tetramer of HydF and HydA1. However, it should be noted that
even for the metal-loaded forms of HydF, the 150-kDa interac-
tion peak is relatively small, and predominantly isolated HydF

and HydA1 remain in solution, suggesting that the HydF2–
HydA1 interaction is transient and preventing a quantification
of the binding constants. The observation that the cofactor
content of HydF has a stronger effect on the interaction than
the cofactor content of HydA1 can be rationalized on a struc-
tural basis using the reported crystal structures. In HydF, the
[4Fe-4S]-cluster is surface exposed toward the interior cavity of
the dimer. Thus, its presence is likely to influence the interac-
tion surface, assuming that the FeS cluster-binding domain
comes in close proximity to the HydA1 protein. Conversely,
the [4Fe-4S]-cluster is more buried in the case of HydA1; thus,
it is unlikely to significantly alter the surface properties of the
HydA1 protein (3, 18, 22).

In silico protein–protein docking

To further investigate the interaction between HydF and
HydA1, a rigid-body protein–protein docking analysis was per-
formed using ClusPro 2.0 (33–35). The docking was made
using crystal structures of [4Fe-4S]-HydA1 (PDB entry 3LX4)
(3) and dimeric [4Fe-4S]-HydF from T. melanesiensis (PDB

Figure 3. GEMMA spectra recorded on HydF and HydA1 proteins with different cofactor loadings. A, HydA1 (top, holo-HydA1;middle, [4Fe4S]-HydA1;
bottom, apo-HydA1); B, HydF (top, holo-HydF;middle, [4Fe4S]-HydF; bottom, apo-HydF). The protein concentration in all samples were 0.02 mg/ml in 20mM am-
monium acetate and 0.005% Tween-20.

Figure 4. GEMMA spectra recorded on combinations of HydF and HydA1 proteins with different cofactor content. A, apo-HydA1 interaction with dif-
ferent cofactor containing forms of HydF (top, holo-HydF;middle, [4Fe4S]-HydF; bottom, apo-HydF). B, [4Fe4S]-HydA1 interaction with different cofactor con-
taining forms of HydF (top, holo-HydF; middle, [4Fe4S]-HydF; bottom, apo-HydF). The 150-kDa peak representing the HydF2–HydA1 interaction complex is
indicatedwith an asterisk. The experiments were performedwith 0.02 mg/ml each protein (total protein concentration, 0.04 mg/ml) in 20mM ammonium acetate
and 0.005% Tween-20.
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entry 5KH0) (18). As previously observed, the HydF dimer
forms a cavity where the [4Fe-4S] clusters are exposed (18).
The protein–protein docking analysis revealed that HydA1
seemingly fits nicely into this cavity (Fig. 5 and Fig. S6; see also
reference 37). To investigate the possibility for HydA1 to inter-
act with the tetrameric form of HydF, a comparison was made
between the docked HydA1-HydF complex and the published
crystal structure of tetrameric T. neapolitanaHydF (PDB entry
3QQ5) (22). The results show that the two dimers of HydF
forming the tetramer are interacting via each dimer’s respective
cavity, leaving no room for HydA1 (Fig. 5B). This strengthens
our finding that HydA1 only interacts with the HydF dimer and
not the tetramer, as the binding site in the tetramer is effec-
tively closed off by the secondHydF dimer.

Preparation and reactivity of truncated HydF

The aforementioned GEMMA study underscores the tran-
sient nature of the HydF–HydA1 interaction. To further eluci-
date the importance of the different domains specifically for
the final step in the maturation processes, we prepared trun-
cated forms of HydF and compared their capacity to not only
bind the [2Fe]adt precatalyst but also to transfer it to [4Fe-4S]-
HydA1. Although crystallographic verification is lacking, bio-
chemical and spectroscopic characterizations of holo-HydF
support a model in which the precatalyst is bound to the FeS-
cluster domain (14, 18, 20). Consequently, we retained this do-
main and prepared two truncated forms, in which either the
dimerization domain (HydFDD) or both the dimerization do-
main and the GTPase domain had been removed (HydFDDG).
The HydFDD construct was readily isolated by affinity chroma-
tography following recombinant expression in Escherichia coli.
Likewise, the HydFDDG protein was isolated in good yields af-
ter the addition of an N-terminal solubility tag (maltose-bind-
ing protein,MBP).
As for the full-length HydF protein, the two truncated forms

were initially prepared in their apo-form and their respective
[4Fe-4S] cluster reconstituted in vitro. The successful assembly
of a [4Fe-4S] cluster in both HydFDD ([4Fe-4S]-HydFDD) and
HydFDDG ([4Fe-4S]-HydFDDG) was apparent from iron quan-
tification assays, which showed a final iron content of 3.67 6
0.6 ([4Fe-4S]-HydFDD) and 3.38 6 0.25 ([4Fe-4S]-HydFDDG),
and was verified by UV-visible and EPR spectroscopy (Fig. 6).

For both truncated proteins, the UV-visible spectrum showed
the expected broad absorbance band around 400 nm, in agree-
ment with an oxidized (21) cluster after reconstitution (Fig. 6,
A and B, black spectra). This band decreased in intensity upon
reduction, with the concomitant appearance of an axial EPR

Figure 6. Spectroscopic characterization of the truncated HydF proteins.
A and B, UV-visible spectra of HydFDD (A) and HydFDDG (B). Shown are the
reconstituted ([4Fe-4S]21) form of the HydF variants (black spectra), the
[2Fe]adt cofactor-loaded holo-forms ([2Fe]adt-[4Fe-4S]21) (red spectra), and
the Na-DT reduced ([4Fe-4S]1) forms (dashed spectra). The samples were pre-
pared in a buffer containing 100 mM Tris-HCl and 300 mM KCl with a protein
concentration of 100 mM (HydFDD) or 50 mM (HydFDDG). Na-DT (0.5 mM) was
added to generate the reduced samples. C and D, low-temperature EPR spec-
tra of the reduced forms of HydFDD (200 mM) (C) and HydFDDG (200 mM) (D).
Shown are both reconstituted (black spectra) and [2Fe]adt-loaded forms (red
spectra), and observed g-values are indicated. E, FTIR spectra of the [2Fe]adt-
loaded proteins, holo-HydFDD and HydFDDG. Spectra recorded for [2Fe]adt

and holo-HydF are displayed for comparison, and the peak positions of
[2Fe]adt are indicated with vertical dashed lines. The EPR spectra were
recorded at 10 K, 1 mW microwave power, 10-Gauss modulation amplitude,
and 100-kHz modulation frequency. Themicrowave frequency was 9.28 GHz.
The FTIR spectra were recorded at room temperature, and the samples were
prepared in a solution containing approximately 2.5mM protein, 100mM Tris-
HCl, pH 8.0, 300mM KCl.

Figure 5. A, a rigid-body protein-protein docking model of the complex
between dimeric [4Fe4S]-HydF (red) and [4Fe4S]-HydA1 (blue). Models are
based on reported crystal structures (PDB entries 5KH0 and 3LX4). B, crystal
structure of the tetrameric form of apo-HydF (one HydF dimer shown in red,
analogously to panel A, and one in brown), revealing a blockage of the inter-
action crevice (PDB entry 3QQ5).
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signal attributable to the reduced [4Fe-4S]1 cluster (Fig. 6, C
andD, black spectra). Thus, in both truncated proteins, the FeS
cluster domain retained its capacity to form a redox-active
[4Fe-4S] cluster analogous to that observed in the full-length
protein.
Treating [4Fe-4S]-HydFDD and [4Fe-4S]-HydFDDG with an

excess of [2Fe]adt (12 molar equivalents), followed by purifica-
tion on a desalting column, resulted in the binding of the preca-
talyst to the protein in both cases (the resulting proteins are
denoted holo-HydFDD and holo-HydFDDG, respectively). As
observed for the full-length holo-HydF protein (14, 18, 19), the
incorporation of [2Fe]adt gave rise to a new feature in the UV-
visible spectrum, around 350 nm, observed for both truncated
proteins (Fig. 5, A and B, red spectra). In further agreement
with the full-length protein, the EPR spectra displayed only lim-
ited changes (Fig. 6, C and D, red spectra). The reduced trun-
cated holo-proteins revealed axial signals highly similar to
those of their respective [4Fe-4S]1 precursors.
The binding of the [2Fe]adt complex was also readily observ-

able by FTIR spectroscopy in the metal carbonyl/cyanide
region (2,200–1,750 cm21) of their respective FTIR spectrum
(Fig. 6E). Overall, the FTIR spectra of the two truncated pro-
teins were similar, and the positions of the CO bands overlap
closely the bands observed for the isolated [2Fe]adt complex in
solution. Conversely, the cyanide band observed at ’2,060
cm21 for [2Fe]adt is clearly shifted toward lower wavenumbers
upon binding to HydFDDG or HydFDD and overlap closer with
the cyanide bands of holo-HydF. In summary, the absence of
the dimerization domain appears to have changed the binding
pocket relative to the native protein, arguably resulting in a
more solvent-exposed site. In addition, the absence of any dis-
tinct differences between the HydFDDG and HydFDD con-
structs shows that the GTPase domain is not directly influenc-
ing the environment of the cofactor. The fact that the cyanide
band is still shifted in these truncated forms of HydF is in good
agreement with the proposed binding of the precatalyst to the
FeS cluster of HydF via a bridging cyanide ligand (14, 20).
The capacity of the different forms of [2Fe]adt-loaded HydF,

i.e. the full-length holo-HydF, holo-HydFDD, and holo-
HydFDDG, to release the precatalyst and activate HydA1 was
evaluated using hydrogen evolution assays. Solutions of [4Fe-
4S]-HydA1 were titrated with increasing amounts of the differ-
ent forms of holo-HydF, and the extent of HydA1 activation
was determined by monitoring the activity of the hydrogenase
enzyme in the presence of Na-dithionite and methyl viologen
(14, 18, 19). Complete activation was achieved after addition of
10 equivalents of holo-HydF relative to CrHydA1, in agreement
with earlier reports (Fig. 7, gray squares) (14). In the case of
holo-HydFDD, a very similar trend was observed, with high
activities observed already after 5 equivalents and complete
activation upon addition of 10 equivalents of holo-HydFDD
(Fig. 7, blue triangles, and Fig. S7). Holo-HydFDDG also gener-
ated an active HydA1 enzyme but the efficiency was lower, with
an activity that reached 50–60% after the addition of 10 equiva-
lents of holo-HydFDDG (Fig. 7, orange diamonds). Thus,
whereas removing the dimerization domain appeared to have a
negligible effect on the reaction, deleting both the GTPase do-
main and the dimerization domain had a negative effect on the

capacity of HydF to activate the hydrogenase despite the
observed similarities in the binding of the [2Fe]adt precatalyst.
Whether all three forms of HydF activate HydA1 through the
same mechanism remains to be firmly established. Still, it is
clear that both truncated forms of HydF retain the capacity to
bind the precatalyst in a reversible function.

Discussion

Here, we have reported on the complex formation between
HydF and HydA and highlighted the importance of cofactor
content on the interaction. It was recently reported that the iso-
lated dimeric form of HydF is more efficient at activating HydA
than the isolated tetrameric form, but there was no direct evi-
dence on the quaternary structure of the HydF–HydA protein
complex (32). The data presented here support the conclusion
that HydF also retains its dimeric form in the complex with
HydA, whereas no interaction complex between HydA and tet-
rameric HydF was discernable. In contrast to HydF interactions
with HydG and HydE, the binding of HydF to HydA is very
weak, explaining the lack of any apparent GTP dependence
during the transfer of the precatalyst from HydF to HydA (13,
17). Moreover, as shown in Fig. 4, an important factor for the
interaction appears to be the presence of metal cofactors on
HydF. Considering the anionic nature of both the [4Fe-4S] clus-
ter as well as the [2Fe]adt complex, these cofactors are expected
to generate a surface-exposed negatively charged patch, which
might help in directing the precatalyst toward the positively
charged tunnel leading into the active site in the nonmature
form of HydA (3, 38, 39). However, as efficient H-cluster as-
sembly is achievable under maturase-free conditions, both in
vitro and in vivo, the interaction does not appear to be critical
in priming HydA for accepting the precatalyst (29, 31, 39–41).
Our studies of HydA1 maturation utilizing truncated forms of
HydF further underscore this point. In all forms of HydF, the
binding of the precatalyst was reversible, as evident from the

Figure 7. Influence of the different domains of HydF on the transfer of
the precatalyst to apo-HydA1. A representative titration experiment in
which [4Fe-4S]-HydA1 (8 nM) was titrated with 8–120 nM of holo-HydF (gray
squares), 8–80 nM holo-HydFDD (blue triangles), and 8–80 nM holo-HydFDDG
(orange diamonds). The extent of HydA1 activation was determined by calcu-
lating the resulting specific activity. 15-Fold molar excess (120 nM) of [2Fe]adt

complex was used as a positive control (green circles). Individual data points
are indicated, see also Fig. S7. The maturation reactions were performed in
100 mM K-phosphate buffer (pH 6.8), and H2 evolution was initiated via addi-
tion of dithionite andMV21 after 15min.
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formation of active hydrogenase regardless of truncation. It
cannot be fully ruled out that the [2Fe]adt complex is released
from the protein prior to the interaction with HydA. Still, re-
moval of the dimerization domain did not appear to influence
the precatalyst transfer reaction compared to that with the full-
length HydF protein. Thus, the dimeric nature of HydF is argu-
ably rather relevant upstream in the maturation process, i.e. in
the interaction with HydG and/or HydE. Moreover, the apo-
hydrogenase could clearly be activated even by HydFDDG,
lacking both the GTPase and the dimerization domain, albeit
with lower efficiency. More importantly, the observation
that both HydFDD and HydFDDG are capable of binding the
[2Fe]adt precatalyst underscores that the cofactor is located in
the FeS domain of HydF, as previously suggested from spec-
troscopy and point mutants (14, 18, 20). Moving forward, these
simplified forms of HydF can provide suitable scaffolds for the
preparation of artificial hydrogenases and a more straightfor-
ward route toward obtaining X-ray crystallographic data on the
nature of the precatalyst on HydF.

Experimental procedures

General

All chemicals were purchased from Sigma or VWR and used
as received unless otherwise stated. The protein purity was
verified by 12% hand-cast acrylamide gels (Bio-Rad gel cast sys-
tem), and a PageRuler Plus prestained protein ladder (Thermo-
Fisher Scientific) was used as a mass reference. The protein
concentrations were determined by Bradford reagent (Ther-
moFisher Scientific) using BSA as a protein standard. The pres-
ence of iron-sulfur clusters in the reconstituted proteins was
monitored by UV-visible spectroscopy, using the extinction
coefficient e410= 15,000 M

21 cm21 (12), and EPR spectroscopy.
The iron content was quantified by a microassay based on a
methodology previously reported by Fish (42). In short, com-
mercially available Fe(II) standard solution in acid (Sigma) at
1005 mg/ml concentration was used for the calibration curve.
Both the calibration curve points and the proteins were diluted
to a final volume of 65 ml. To release the Fe from the proteins,
45 ml 1 M perchloric acid was added to each sample. The acid
treatment was carried out at room temperature for 15 min, fol-
lowed by 15 min of centrifugation at 4 °C and 14,0003 g. 90 ml
from the resulting supernatant was transferred to a clean
microcentrifuge tube, and 72 ml of 1.7-mg/ml disodium batho-
phenanthroline-disulfonate trihydrate was added. The pH was
adjusted with 27 ml ammonium acetate (33 dilution of a satu-
rated stock solution, as described in reference 42) and 36 ml of
ascorbate solution (36 mg/ml) was used as a reductant. The
additions were followed by vigorous mixing and incubation for
15 min at room temperature. The absorbance spectra of
the samples were collected with a Cary UV-visible spectropho-
tometer. The [2Fe]adt complex was prepared as previously
described (43, 44). All anaerobic work was performed in
MBRAUN gloveboxes ([O2] , 10 ppm). Anaerobic UV-visible
spectroscopy was performed in the glovebox using an AvaSpec-
ULS2048-USB2-UA-50, Avantes Fiber Optic UV/VIS/NIR
spectrometer. Aerobic UV-visible spectroscopy was performed
using an Agilent Cary 50 UV-visible spectrometer.

Construction of truncated HydF proteins

To construct the truncated forms of HydF, the T. maritima
HydF (TmHydF)-encoding gene was codon optimized and
cloned into pET19b vectors by GenScript. This construct
was used as the DNA template for the mutagenesis. Details
on the sequence and primers are shown in the supporting
information.

HydFDDG (the FeS cluster domain of HydF fused with an
N-terminal MBP tag)

The FeS cluster domain-encoding gene fragment was ampli-
fied by PCR using the codon-optimized TmHydF-encoding
gene as the template. The PCR product was isolated from an
agarose gel and digested with EcoRI and BamHI restriction
enzymes. The digested fragment was ligated into an EcoRI-
BamHI-digested pMAL-c4x plasmid, in frame with the malt-
ose-binding protein (MBP)-encoding gene. This was followed
by transformation into chemically competent DH5a E. coli
cells. Positive colonies were selected via colony PCR. The posi-
tive colonies were used for plasmid purification, and the con-
struct was transformed into Rosetta (II) E. coli cells.

HydFDD (the FeS cluster domain and the GTPase domain of
HydF)

To isolate the dimerization domain-free HydF-encoding
gene, the full-length vector was amplified by inverse PCR
upstream and downstream of the dimerization domain using
the codon-optimized TmHydF-encoding gene as the template.
The PCR product was isolated from an agarose gel, and it was
phosphorylated by polynucleotide kinase treatment (PNK).
The PNK-treated fragment was ligated with T4 ligase and then
transformed into chemically competent DH5a E. coli cells. Pos-
itive colonies were selected via colony PCR. The positive colo-
nies were used for plasmid purification, and the construct was
transformed into Rosetta (II) E. coli cells.

Protein expression and purification

The expression and purification of His-tagged HydA from
Chlamydomonas reinhardtii (HydA1) was performed as previ-
ously described (4, 29).
The expression and purification of HydF from T. maritima

was performed as previously described, with minor modifica-
tions (30). Rosetta (II) competent cells were transformed with a
T. maritima HydF-encoding expression vector (kindly pro-
vided by Prof. Marc Fontecave, Collège de France/CEA Greno-
ble), and the positive clones were selected based on kanamycin
resistance. A 100-ml preculture was prepared the day before
the preparative-scale culture. The cells were inoculated into
premixed LB media (Sigma-Aldrich) complemented with 25
mM phosphate buffer, pH 7.6, and 5% (w/v) glucose. The cell
cultures were incubated at 37 °C until the optical density (OD)
of the cultures at 600 nm reached 0.4–0.6. The expression of
HydF was induced with 0.5 mM IPTG (isopropyl b-D-1-thioga-
lactopyranoside) overnight at 16 °C. Cells were harvested by
centrifugation (4500 rpm, 4 °C, 10 min). The cell pellet was
resuspended in a solution containing 150 mM NaCl and 50 mM
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Tris-HCl, pH 8.0, and centrifuged again (5000 rpm, 20 min,
4 °C) to remove the residual media. The cell paste was frozen in
liquid nitrogen and kept at280°C until further use.
The frozen cell paste was thawed and resuspended in a solu-

tion containing 150mMNaCl and 50mMTris-HCl, pH 8.0, sup-
plemented with 0.6 mg/ml lysozyme (lyophilized chicken egg
white lysozyme, Sigma-Aldrich), 0.03 mg/ml DNase, and 0.03
mg/ml RNase. The volume of the lysis mixture was adjusted to
the optical density and the volume of the culture (5 ml lysis buf-
fer·OD21·liter21 culture). The resuspended cells were frozen
in liquid nitrogen and thawed at room temperature 3 times.
The semilysed cells were sonicated until the solution became
clear. To separate the soluble fraction from the unbroken cells
and the membrane fraction, the solution was ultracentrifuged
(55,000 rpm, 60 min, 4 °C). The supernatant from the ultracen-
trifugation step was separated into 30-ml aliquots in falcon
tubes, which were heated to 86 °C for 8 min to denature the E.
coli host proteins. The precipitated proteins were separated by
centrifugation (15,000 rpm, 15 min, 4 °C). The supernatant was
used for ammonium sulfate precipitation, where crystalline
ammonium sulfate was added in small portions to the continu-
ously stirred solution at 4 °C. After the final addition of ammo-
nium sulfate (65% saturation concentration), the cloudy solu-
tion was gently agitated at 4 °C for 45 min before centrifugation
(15,000 rpm, 4 °C, 15 min). The pellet was resuspended in a so-
lution containing 1 M ammonium sulfate, 150 mM NaCl, and
50 mM Tris-HCl, pH 8.0, with a glass Dounce homogenizer,
flash-frozen in liquid nitrogen, and kept at280°C until further
use.
A HiLoadTM 16/10 Phenyl-Sepharose HP 1 (20 ml) (GE

Healthcare) column was equilibrated with a solution contain-
ing 1 M ammonium sulfate, 150 mM NaCl, and 50 mM Tris-
HCl, pH 8.0 (buffer A). The filtrated protein solution was
loaded onto the column and the flowthrough was collected.
The column was washed with equilibration buffer A until the
absorbance reached the baseline. A 0–100% B gradient was
applied (buffer B was 150 mM NaCl and 50 mM Tris-HCl, pH
8.0). The protein content in the elution fractions was verified
using SDS-PAGE gel, and the HydF-containing fractions were
collected and concentrated using 30-kDa Centricon filters
(Amicon). The purified protein was flash-frozen in liquid nitro-
gen and stored at280 °C.
The expression and purification of HydFDD was performed

analogously to a protocol reported for HydA1, with minor
modifications (30). Rosetta (II) competent cells were trans-
formed with a HydFDD-encoding expression vector, and the
positive clones were selected based on ampicillin resistance. A
100-ml preculture was prepared the day before the preparative-
scale culture. The cells were inoculated into premixed LB
media (Sigma-Aldrich) complemented with 25 mM phosphate
buffer, pH 7.6, and 5% (w/v) glucose. The cell cultures were
incubated at 37 °C until the optical density of the cultures at
600 nm reached 0.4–0.6. The expression of HydFDD was
induced with 0.5 mM IPTG overnight at 16 °C. Cells were har-
vested by centrifugation (4500 rpm, 4 °C, 10 min). The cell pel-
let was resuspended in a solution containing 150 mM NaCl and
50 mM Tris-HCl, pH 8.0, and centrifuged again (5000 rpm, 20

min, 4 °C) to remove the residual media. The cell paste was fro-
zen in liquid nitrogen and kept at280°C until further use.
The frozen cell paste was thawed and resuspended in a solu-

tion containing 150 mM NaCl, 25 mM MgCl2, 50 mM Tris-HCl,
pH 8.0, supplemented with 0.6 mg/ml lysozyme (lyophilized
chicken egg white lysozyme, Sigma-Aldrich), 0.03 mg/ml
DNase, and 0.03 mg/ml RNase. The volume of the lysis mixture
was adjusted to the optical density and the volume of the cul-
ture (5 ml lysis buffer·OD21·liter21 culture). The resuspended
cells were frozen in liquid nitrogen and thawed at room tem-
perature 3 times. The semilysed cells were sonicated until the
solution became clear. To separate the soluble fraction from
the unbroken cells and the membrane fraction, the solution
was ultracentrifuged (55,000 rpm, 60 min, 4 °C). The superna-
tant from the ultracentrifugation step was loaded onto a nickel-
nitrilotriacetic acid column equilibrated with buffer containing
75mMHEPES (pH 7.0), 150mMNaCl, 25mMMgCl2. The flow-
through was collected and the column was washed extensively
until the baseline reached nearly zero. This washing step was
followed by a washing step with buffer containing 75 mM

HEPES (pH 7.0), 150mMNaCl, 25mMMgCl2, 50 mM imidazole
until the nonspecifically bound proteins were eluted and the
UV absorbance reached the baseline again. This step was fol-
lowed by a linear gradient elution from 50–500 mM imidazole
in buffer containing 75 mM HEPES (pH 7.0), 150 mM NaCl, 25
mM MgCl2. The HydFDD-containing elution fractions were
collected and concentrated with 30-kDa Amicon Centricon fil-
ters. The purified protein was flash-frozen in liquid nitrogen
and kept at280 °C until further use.
The expression and purification of HydFDDG was per-

formed analogously to the protocol for Clostridium acetobuty-
licum HydF, with minor modifications (19). Rosetta (II) E. coli
competent cells were transformed with a HydFDDG-encoding
expression vector, and the positive clones were selected based
on ampicillin resistance. A 100-ml preculture was prepared the
day before the preparative-scale culture. The cells were inocu-
lated into premixed LB media (Sigma-Aldrich) complemented
with 25 mM phosphate buffer, pH 7.6, and 5% (w/v) glucose.
The cell cultures were incubated at 37 °C until the optical den-
sity of the cultures at 600 nm reached 0.4–0.6. The expression
of HydFDDG was induced with 0.5 mM IPTG overnight at
16 °C. Cells were harvested by centrifugation (4500 rpm, 4 °C,
10 min). The cell pellet was resuspended in a solution contain-
ing 150 mM NaCl and 50 mM Tris-HCl, pH 8.0, and centrifuged
again (5000 rpm, 20 min, 4 °C) to remove the residual media.
The cell paste was frozen in liquid nitrogen and kept at280 °C
until further use.
The frozen cell paste was thawed and resuspended in a solu-

tion containing 300 mM KCl and 100 mM Tris-HCl, pH 8.0, 25
mMMgCl2, 5% glycerol supplemented with 0.6mg/ml lysozyme
(lyophilized chicken egg white lysozyme, Sigma-Aldrich), 0.03
mg/ml DNase, and 0.03 mg/ml RNase. The volume of the lysis
mixture was adjusted to the optical density and the volume of
the culture (5 ml lysis buffer·OD21·liter21 culture). The resus-
pended cells were frozen in liquid nitrogen and thawed at room
temperature 3 times. The semilysed cells were sonicated until
the solution became clear. To separate the soluble fraction
from the unbroken cells and the membrane fraction, the
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solution was ultracentrifuged (55,000 rpm, 60 min, 4 °C). The
supernatant from the ultracentrifugation step was loaded onto
a StrepTrap column equilibrated with buffer containing 300
mM KCl and 100 mM Tris-HCl, pH 8.0, 25 mM MgCl2, 5% glyc-
erol. The flowthrough was collected and the column was
washed extensively until the baseline reached nearly zero. This
washing step was followed by a second washing step with buffer
containing 300 mM KCl and 100 mM Tris-HCl, pH 8.0, 5% glyc-
erol until the nonspecifically bound proteins were eluted and
the UV absorbance reached the baseline again. This step was
followed by a 10-column-volume elution step with 100 mM

Tris-HCl, pH 8.0, 300 mM KCl, 25 mM MgCl2, 5% glycerol, 2.5
mM desthiobiotin. The HydFDDG-containing elution fractions
were collected and concentrated with 30-kDa Amicon Centri-
con filters. The purified protein was flash-frozen in liquid nitro-
gen and kept at280 °C until further use.

Preparation of apo-proteins

Residual metals bound to the as-isolated HydF, HydA1,
HydFDD, and HydFDDG proteins were removed under strict
anaerobic conditions by treating the proteins with a 10-fold
molar excess of EDTA at 4 °C in the presence of a 20-fold molar
excess of sodium dithionite for 2–4 h.

Size-exclusion chromatography

The demetallized proteins were centrifuged and loaded onto
a previously equilibrated (with a solution containing 150 mM

NaCl and 50 mM Tris-HCl, pH 8.0) Superdex-200 size-exclu-
sion chromatographic column and eluted using the same
buffer (flowrate, 0.5 ml/min). The elution fractions were
collected and concentrated using 30-kDa Centricon filters.
The purified proteins were flash-frozen in liquid nitrogen
and stored at280°C.

In vitro reconstitution and assembly of the holo-proteins

The [4Fe4S] clusters in apo-HydA1, apo-HydF, and the trun-
cated HydF apo-proteins were reconstituted as previously
described to generate [4Fe4S]-HydA1, [4Fe4S]-HydF, [4Fe4S]-
HydFDD, and [4Fe4S]-HydFDDG (29, 30). The reconstituted
proteins were aliquoted into PCR tubes and transferred into se-
rum vials before they were flash-frozen in liquid nitrogen out-
side the glovebox and stored at280°C until further use.
The incorporation of [2Fe]adt into the reconstituted proteins

to generate holo-HydF, holo-HydA1, holo-HydFDD, and holo-
HydFDDG was performed using a procedure from the litera-
ture, with minor modifications. In a standard reaction, [4Fe4S]-
HydF (200 mM) in Tris-HCl buffer (150 mM NaCl and 50 mM

Tris-HCl, pH 8.0) was incubated with [2Fe]adt (1.44 mM, 12-
fold molar excess) under dimmed light conditions at ambient
temperature. After 1 h, the reaction was stopped and excess
[2Fe]adt removed from the solution via a NAP-25 desalting col-
umn equilibrated with 100 mM Tris-HCl, pH 8.0. The purified
holo-proteins were aliquoted into PCR tubes and transferred
into serum vials before being flash-frozen in liquid nitrogen
outside the glovebox and stored at280°C.

EPR sample preparation and measurements

EPR samples were prepared under strict anaerobic condi-
tions. The proteins were reduced with a 10-fold molar excess of
sodium dithionite, and the reaction was monitored by UV-visi-
ble spectroscopy. The samples were transferred into quartz
EPR tubes capped with rubber septa and immediately flash-fro-
zen outside the glovebox. The EPR samples were stored in liq-
uid nitrogen until further usage.
The CW EPR measurements were carried out on a Bruker

Elexys 500X-band spectrometer using an ER049X SuperX
microwave bridge in a Bruker SHQ0601 resonator, equipped
with an Oxford Instruments continuous-flow cryostat and an
ITC 503 temperature controller (Oxford Instruments). Low
temperatures were achieved using liquid helium as the coolant.
The spectrometer was controlled by the Xepr software package
(Bruker). Standard measuring parameters were 10-G modula-
tion amplitude and 100-kHz modulation frequency. The spec-
tra were averaged over either four or eight scans.

FTIR spectroscopy

FTIR measurements were performed using a demountable
liquid FTIR cell (Pike Technologies) with calcium fluoride win-
dows and a 25-micron Teflon spacer. To prevent leakage and to
minimize the sample volume, silicon grease was applied to the
spacer before cell assembly.
FTIR spectra were collected with a Bruker IFS 66v/S FT-IR

spectrophotometer equipped with a Bruker MCT (mercury–
cadmium–telluride) detector. The interferograms were accu-
mulated in the double-sided, forward–backward mode with
750 scans. All measurements were performed at a resolution of
2 cm21. Baseline treatment was carried out using the rubber
bandmethod inOpus software.

GEMMA sample preparation and measurements

To avoid disulfide bridge formation between the apo-pro-
teins, DTT (1 mM final concentration) was added to all samples
under strict anaerobic conditions in a glovebox (MBRAUN).
The nonvolatile salts were replaced by buffer exchange into 100
mM ammonium acetate (pH 7.6), which was carried out with
30-kDa Centricon filters under strictly anaerobic conditions.
The protein solutions were analyzed by UV-visible, EPR, and
FTIR spectroscopy before and after buffer exchange to verify
protein and cofactor stability (see Fig. S1). After the buffer
exchange, samples were aliquoted into PCR tubes before
being flash-frozen and stored as described for the reconsti-
tuted proteins.
Immediately prior to the measurements, the protein stock

solutions were diluted into the 0.02–0.06-mg/ml range in a solu-
tion containing 20 mM ammonium acetate and 0.005% (v/v)
Tween-20. Each sample was scanned 5 times, and a density of
0.58 g/cm3 was used for the conversion from diameter to mo-
lecular mass. Samples were loaded with a pressure of 1.7–2 PSI.
The absolute peak heights may vary between experiments of
the same kind depending on the capillary and capillary pressure
used, whereas there is much less variation in the relative peak
heights.
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The GEMMA system contained the following components: a
3480 electrospray aerosol generator, a 3080 electrostatic classi-
fier, a 3085 differential mobility analyzer, and a 3025A ultrafine
condensation particle counter (TSI Corp., Shoreview, MN,
USA).

Protein–protein docking

The crystal structures of C. reinhardtii HydA1 (PDB entry
3LX4) and T. melanesiensis HydF (PDB entry 5KH0) were
obtained from the PDB database (45) and prepared for pro-
tein–protein docking using YASARA (46), structure version
18.3.23. HydF was initially prepared by deleting one of the
dimers. All missing hydrogens were then added to both
structures. An energy minimization was performed inside a
water-filled simulation cell (cuboid shape, 10 Å around all
atoms) with periodic boundaries using the AMBER14 force
field (36). The energy-minimized structures were finally
subjected to rigid-body protein-protein docking using Clu-
sPro 2.0 (33–35).

Data availability

All data discussed are contained within the manuscript or
the accompanying supporting information document, except
for the influence of time on GEMMA spectra of apo-TmHydF.
The latter can be shared on request by the corresponding
author.
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