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The dyad of the Y-junction- and a flavin module unites diverse
redox enzymes
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Abstract

The concomitant presence of two distinctive polypeptide modules, which we have chosen to
denominate as the “Y-junction” and the “flavin” module, is observed in 3D structures of
enzymes as functionally diverse as complex I, NAD(P)-dependent [NiFe|-hydrogenases and
NAD(P)-dependent formate dehydrogenases. Amino acid sequence conservation further-
more suggests that both modules are also part of NAD(P)-dependent [FeFe]-hydrogenases
for which no 3D structure model is available yet. The flavin module harbours the site of
interaction with the substrate NAD(P) which exchanges two electrons with a strictly con-
served flavin moiety. The Y-junction module typically contains four iron-sulphur centres
arranged to form a Y-shaped electron transfer conduit and mediates electron transfer be-
tween the flavin module and the catalytic units of the respective enzymes. The Y-junction
module represents an electron transfer hub with three potential electron entry/exit sites.
The pattern of specific redox centres present both in the Y-junction and the flavin module is
correlated to present knowledge of these enzymes’ functional properties. We have searched
publicly accessible genomes for gene clusters containing both the Y-junction and the flavin
module to assemble a comprehensive picture of the diversity of enzymes harbouring this dyad
of modules and to reconstruct their phylogenetic relationships. These analyses indicate the
presence of the dyad already in the last universal common ancestor and the emergence of
complex I's EFG-module out of a subgroup of NAD(P)-dependent formate dehydrogenases.
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Highlights

a dyad of protein modules confers NAD(P)-dependence to otherwise unrelated enzymes

the “flavin module” accomplishes the interfacing of 2- and 1-electron redox reactions

the “Y-junction module” permits branched electron transfer

the dyad of modules likely makes energy converting electron bifurcation possible

phylogenetic analyses of the two modules inform on the evolution of complex I EFG-
module

Abbreviations

NAD(P) nicotinamide adenine dinucleotide (phosphate)
FMN flavin mononucleotide

bisPGD bis pyranopterin guanosine dinucleotide

ETF electron transfer flavoprotein

Nfn NADH-dependent reduced ferredoxin:NADP™ oxidoreductase



1. Introduction

Enzyme subunits (or N- and C-terminal subunit-extensions thereof) rich in iron-sulphur
centres are found in a plethora of redox enzymes. Such [Fe-S]-cluster-bearing units fre-
quently are variations on one of the widespread structural themes referred to as dicubane-
(or bacterial [8Fe-8S]-), tetracubane- ([16Fe-16S]-, [1]) or plant-type ([2Fe-2S]-) ferredoxins
or feature more divergent architectures (e.g. the proximal cluster of the Og-tolerant [NiFel-
hydrogenases [2]). They are in general considered to play the role of simple electron transfer
relays. The [FeFe]-hydrogenase from Clostridium (C.) pasteurianum contains such an iron-
sulphur-centre rich domain as an N-terminal extension to the actual catalytic domain [3, 4].
The high-resolution structure of this enzyme showed that the set of [Fe-S]-clusters in this
domain are arranged in a Y-shaped geometry [3]. Intriguingly, [Fe-S]-cluster-domains with
strikingly similar molecular architecture have turned up in several 3D structure models of
very diverse enzymes, such as complex I [5] or specific types of [NiFe|-hydrogenases [6] and
most recently in a subgroup of formate dehydrogenases [7]. The simultaneous occurrence of
this peculiar structural motif in so diverse enzymes begs the question of its functional sig-
nificance. To advance our understanding of its role we have searched genome databases for
further homologs. The results described below strongly suggest a role for this domain which
significantly exceeds that of a simple electron wire building block. As emerging from our
survey and already from the smaller sample of available 3D-structures, this [Fe-S]-domain
occurs in most enzymes together with another functional unit which uses a flavin moiety
and one or two iron sulphur centres to interface 1- and 2-electron redox events. Interest-
ingly, many enzymes containing those two structural units were described as performing
electron bifurcation [8, 9, 10, 11, 12, 13, 14, 15]. The analysis of the pattern of occurrence
of these modules in distinct enzymes, their likely molecular make-up and their phylogenetic
grouping provides insights into their functional roles and suggests unexpected evolutionary
relationships.



2. Methods

2.1. Database searches

The protein sequences of the Y-junction module from the structurally known proteins for
complex I (NuoG/Nqo3 of Thermus thermophilus HBS: WP _011227701.1), the bidirectional
[NiFe]-hydrogenase (HoxU of Hydrogenophilus thermoluteolus TH-1: WP_119335399.1) and
[FeFe]-hydrogenase (Cpl of Clostridium pasteurianum DSM 525: WP_004455619.1) were
used as BLASTp and tBLASTn queries under default settings (BLOSUMG62, gap opening
penalty=11, gap extension penalty=1, word size=6) to identify homologs in organisms with
publicly available complete RefSeq genomes from NCBI until May 2020. Homologous se-
quences from phylogenetically disperse, representative sequences with e-values below e™1°
and operon structures that contain a neighboring flavin-binding protein to ensure a func-
tioning of the protein complex as described in the literature were selected [5, 6, 8|.

Trimeric and tetrameric [FeFe]-hydrogenases were selected, when all proteins could be
found in one operon, optionally followed by genes coding for hydrogenase maturase proteins
(hydE, hydF, hydG) [16]. [NiFe]-hydrogenases were selected when all proteins could be found
in one operon optionally with hydrogenase maturase (hoxW) factors present alongside [17].
Complex I sequences were selected based on the presence of all 14 genes specifying the min-
imal structural framework of the mitochondrial type enzyme (nuoA-nuoN) encoded in the
same operon (to the exception of sequences from the family of Aquificales, where the genes
are scattered over the genome, the gene products, however, were shown to assemble [18]).
Trimeric and tetrameric formate dehydrogenases were selected provided all proteins could
be found in one operon and the catalytic subunit contained a cysteine or selenocysteine
at the molybdopterin/tungstopterin binding site, optionally also containing molybdopterin
maturation factors (moaA, mobB, fdhD) alongside [19]. Supplementary Table 1 contains
a list of specific binding/ligating motifs for each of these cofactors, on which the presence
or absence of that cofactor was determined. From this initial dataset genes of biochemically
characterised representatives from a wide phylogenetic variety that also fulfilled this criterion
were selected and used as queries in a second round of data mining [7, 20, 21, 22, 23, 24].

2.2. Structure-informed protein alignment and phylogenetic analysis

Structure image preparation was done in the open-source version of PyMOL (v1.8.4,
Schrodinger, LLC). Structural alignment of the Y-junction modules (n=160) were initially
performed by the align function in PyMOL and Swiss PDB Viewer, successively constructed
using MAFFT-DASH by employing the iterative refinement algorithm, E-INS-i at default
settings (BLOSUMG62, gap opening penalty=1.53, offset=0; as shown in Supplementary Fig.
1) [25, 26]. For tree reconstruction the alignment of the Y-junction module was trimmed
15 aa before the first coordinating cysteine residue and 15 aa after the last coordinating
cysteine residue of the highly conserved iron-sulphur clusters resulting in contiguous sequence
stretches of 186-228 amino acids. The alignment of the sequences from the Y-junction
modules from representatives sequences for which 3D structure models have been determined
is shown in Supplementary Fig. 1.



Structure-informed alignments of the RefSeq sequences from the flavin-binding subunit
and NuoE/Nqol homologs (n=154, 6 [FeFe|-hydrogenases without flavin module excluded)
were constructed based on the structural alignments described above and subsequently man-
ually adjusted. Homologous sequences corresponding to NuoE/Nqol and NuoF /Nqo2 of the
above mentioned structurally known proteins were separately aligned using MAFFT-DASH
and trimmed to the last conserved residues. Due to the overall agreement in the architec-
ture of the trees in these two sets of aligned sequences (see results section), the trimmed
alignments were concatenated (as shown in Supplementary Fig. 2).

Neighbor-joining clustering of both, the alignments of the Y-junction module (n=160)
and the flavin module (n=154) was conducted in ClustalX2.1 under correction for multi-
ple substitutions by including all gaps. Bootstrap values correspond to the frequency of
occurrence of nodes in 1000 bootstrap-replicates. Tree representation for the figures were
prepared in ITOL v5 and manually annotated [27].



3. Results and Discussion

3.1. An [Fe-S]-cluster-bearing module with a conserved structural layout is common to [FeFe]-
hydrogenases, NAD-dependent complex I, NAD-dependent [NiFe]-hydrogenases and NAD(P)-

dependent formate dehydrogenases

The minimal core of [FeFe]-hydrogenases as exemplified by the enzyme from Chlamy-
domonas (C.) reinhardtii corresponds to a protein harbouring only the catalytic H-cluster,
which is formed by a [4Fe-4S]-cluster together with a 2Fe subcluster, the latter contain-
ing non-protein ligands such as azadithiolate, carbon monoxide and cyanide groups (PDB:
3LX4, nota bene: this structure lacks the 2Fe subcluster [28]). In numerous prokary-
otic [FeFe]-hydrogenases, however, this catalytic domain is supplemented by additional
N-terminal domains carrying between two (PDB: 1HFE [29]) and four (PDB: 6N59 [4])
iron-sulphur centres which serve as electron wires connecting the H-cluster to physiological
electron donors and acceptors. The earliest crystal structure of an [FeFe]-hydrogenase, i.e.
that of the Clostridium (C.) pasteurianum enzyme (Fig. 1C, in blue), revealed that the four
iron-sulphur clusters present in this enzyme form a puzzling Y-shaped, i.e. branched chain
of redox centres (Fig. 1A and 1B, [3]) rather than a linear one as usually observed in electron
wire modules [3, 30, 31]. This geometric arrangement suggested the possible existence of
two distinct patches on the enzyme surface where electrons may enter or exit. Mutagenesis
approaches designed to probe the pertinence of either of the two possible exit/entry path-
ways found that they both could mediate electron transfer between the ferredoxin and the
H-cluster corroborating the idea that the central iron-sulphur cluster acts as a branching
point for electron transfer within this module [32]. The polypeptide harbouring these four
electron transfer clusters forms a compact (N-terminal) subdomain within the C. pasteuri-
anum enzyme. In line with the notion of a Y-shaped arrangement of cofactors discussed for
the C. pasteurianum hydrogenase, we will in the following refer to this electron transfer unit
as the “Y-junction module”.

A surprisingly similar structural unit (Fig. 1E) was early on identified to form the N-
terminal domain of the NuoG (Nqo3) subunit of the NADH:quinone oxidoreductase or NAD-
dependent version of complex I (Fig. 1F, in red; for a discussion of the intricacies of the
complex I nomenclature, see the Supplementary section 1) [33]. The C-terminal part of
NuoG, however, is fully unrelated to [FeFe]-hydrogenases but belongs to the superfamily of
Mo/W-bisPGD enzymes (alias the DMSO-reductase superfamily) [34, 35]. Fig. 1B and 1E
illustrate the close similarity of the polypeptide fold and iron-sulphur cluster positioning be-
tween the module in [FeFe]-hydrogenases and in NAD-dependent complex I, respectively [36].
One iron-sulphur cluster is missing in the latter enzyme, the protein chain harbouring this
cluster in the clostridial [FeFe]-hydrogenase, however, is still present. In NAD-dependent
complex I the remaining clusters are part of the electron transfer pathway from the NADH-
oxidising site to the quinone-reducing one (Fig. 1D).

In the crystal structure of the NAD-reducing [NiFe|-hydrogenase (frequently referred to
as “Hox”-type hydrogenase) from Hydrogenophilus (H.) thermoluteolus a separate protein
subunit bearing [Fe-S]-clusters was found which strongly resembles the Y-junction module
(Fig. 11, in cyan). Like in the NAD-dependent complex I, this module lacks the “C-terminal”
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(see section 3.1.1) iron-sulphur cluster as depicted in Fig. 1H. Again, the 3D architectures
of the [NiFe|-hydrogenase’s catalytic HoxH and HoxY subunits are unrelated to that of
[FeFe|-hydrogenases, but share structural features with the NuoD (Nqo4) and NuoB (Nqo6)
proteins of NAD-dependent complex I, respectively, although their redox substrates are
completely different [6]. The physiological electron transfer pathway in this class of [NiFel-
hydrogenases is shown in Fig. 1G.

Figure 1 Electron-transfer pathways through the Y-junction modules from
different enzymes. here, (1.5 or 2-column fitting image)

Finally, the recently published Cryo-EM structure of the NAD-dependent formate de-
hydrogenase from Rhodobacter (R.) capsulatus again features, as anticipated from sequence
similarities, the presence of the Y-junction module, in this case containing the full set of
iron-sulphur clusters just as in the C. pasteurianum enzyme [7]. Following the scheme of
the previous three cases mentioned above, Fig. 1 shows the electron transfer (Fig. 1J), the
structure of the Y-junction module (Fig. 1K) and its positioning within the parent enzyme
(Fig. 1L) in purple. The color coding for the specific enzymes as introduced in Figure 1
right column will be used throughout the manuscript.

Most interestingly, the structure of the entire NAD-dependent formate dehydrogenase
from R. capsulatus also informs on the mutual spatial arrangement of individual monomers
in the physiological dimeric state of the enzyme. This enzyme indeed forms a homodimer
of heterotetramers (and was crystalized in that state) wherein the interaction between indi-
vidual enzymes occurs mainly via the surface of the Y-junction module. This arrangement
positions the two histidine-coordinated clusters in sufficiently close proximity (edge-to-edge
distance of about 10 A [7]) to allow facile and rapid inter-monomer electron transfer [37].
We have indicated the position of the histidine cluster in the second half of the functional
dimer as A4’ in Fig. 1J. Such an organization of potentially cross-talking electron transfer
chains is reminiscent of what is observed in the Rieske/cytb complexes (where inter-enzyme
electron transfer may occur through the by, hemes at an edge-to-edge distance of about 11
A [38, 39]) or heterodisulfide reductases (over a distance of again about 11 A [40]). However,
while in these latter cases, inter-monomer communication may be afforded by redox centres
which are part of the intrinsic electron transfer chain of each monomer, the formate dehydro-
genase enzyme from R. capsulatus recruits the “out-of-line” clusters to electrically connect
the two individual monomers. It is noteworthy that cross-dimer electron transfer in the
formate dehydrogenase from R. capsulatus only is a theoretical possibility (albeit extremely
likely) and no experimental evidence for this phenomenon has been obtained so far. For the
Rieske/cytb complex, by contrast, inter-monomer electron transfer has been shown to occur,
albeit at slow rates [39]. A physiological organisation as a dimer was observed in several
further NAD(P)-dependent formate dehydrogenases and, intriguingly (as further discussed
below) also in electron bifurcating NAD(P)-dependent [FeFe]-hydrogenases [8, 13, 10].



3.1.1. Structural features of the Y-junction module

As illustrated in Fig. 2A, the entire Y-junction module (always shown in green shades
hereafter) is itself composed from three distinct submodules, that is, an N-terminal plant-
type [2Fe-2S]-ferredoxin domain (in olive) followed by a median domain (in mint) ligating
a single [4Fe-4S]-cluster and finally a C-terminal bacterial-ferredoxin-type domain (in lime)
featuring 2 cubane [4Fe-4S]-centres one of which may be absent in certain cases as mentioned
above and described in more detail below [41, 34]. The cubane cluster harboured by the
median domain features a histidine ligand in addition to the three canonical cysteine ligands
(in the following denoted as "histidine-[4Fe-4S]”) in all enzymes shown in Fig. 1. Interesting
structural and sequence features of this ligating histidine are discussed in the Supplementary
section 2 (see also Supplementary Fig. 3). For the sake of annotating the phylogenetic trees
which we will present below (section 3.5), we have represented each of the four individual
iron-sulphur clusters by a specific symbol and the resulting electron transfer pathways in
an iconographic way as defined in Fig. 2B. This depiction is used throughout the article
in order to more abstractly present the genomic organisation and structural layouts of the
above mentioned protein complexes.

The histidine-[4Fe-4S]-cluster and the C-terminal [4Fe-4S]-centre were found to be miss-
ing in certain enzymes. However, most representatives of all enzyme families dealt with in
this work contain all four clusters. This and the fact that all four structures shown in Fig. 1
contain the full complement of the polypeptide chain with or without harbouring all four
clusters seen in the C. pasteurianum structure leads us to conclude that the four-cluster
domain represents the archetypal version of the module and that either the histidine-ligated
or the C-terminal [4Fe-4S] cluster have been lost in certain cases.

Figure 2 Domain-architecture of the Y-junction module. here, (1 or 1.5-
column fitting image)

A modular make-up of electron transfer proteins has been pointed out repeatedly over
the last two decades [1, 35, 42, 43, 44] and it is by itself therefore not astonishing to find
an electron transfer module built-up from more basic components. The strictly conserved
succession of subdomains and the astonishingly similar global architecture of the module,
however, render the possibility that this structure emerged four times independently in
the above considered enzymes from the described more basic building blocks extremely
unlikely. The Y-junction module therefore almost certainly originated only once and was
then docked en bloc onto different catalytic protein units.

3.1.2. The Y-junction module at the crossroads of electron transfer chains

The variability of electron transfer pathways through the 4-cluster domain seen in the left
column of Fig. 1 exceeds even that identified for the C. pasteurianum [FeFe]-hydrogenase.
Redox communication with catalytic subunits are seen to occur either via the C-terminal
[4Fe-4S]-cluster (Fig. 1A and 1J) or the histidine cluster (Fig. 1D and 1G). Both the histidine
cluster and the [2Fe-2S]-centre can interact with soluble electron carriers such as ferredoxins
and likely also flavodoxins (Fig. 1A) [32]. Alternatively, the histidine cluster is seen to

8



mediate inter-monomer communication (Fig. 1J) and the [2Fe-2S]-centre can talk to an
additional flavin-bearing subunit (Fig. 1D, G and J; see below). The comparison of the
cases depicted in the left column of Fig. 1 thus shows that the 4-cluster domain fully merits
to be called the Y-junction module.

3.1.3. Inter-enzyme similarities exceed the Y-junction module and include a flavin-bearing
protein module

While similarity between the Clostridium hydrogenase and the other three systems is
limited to the Y-junction module, common elements of NAD-dependent complex I, NAD(P)-
dependent [NiFe|]-hydrogenases and NAD(P)-dependent formate dehydrogenases further-
more comprise a structural module binding a flavin together with two additional iron-sulphur
centres, more specifically a [2Fe-2S] and a [4Fe-4S] cluster. In the NAD-dependent [NiFel-
hydrogenase from H. thermoluteolus, this unit is contained within a single polypeptide, the
HoxF protein, while in the NAD-dependent complex I and NAD(P)-dependent formate dehy-
drogenase of Fig. 1 it is made up from two subunits (NuoE and NuoF for complex I) which
structurally correspond to N-and C-terminal domains of the HoxF protein, respectively
(Fig. 3). The N-terminal part of HoxF thus contains the [2Fe-2S] cluster domain (with-
out the Fe-S cluster in this particular structure) and the C-terminal domain corresponds to
the flavin/[4Fe-4S]-bearing subunit of the other enzymes. Whereas this [4Fe-4S]-cluster is
present in all systems and connects the flavin to the Y-junction module, the [2Fe-2S]-cluster
is found in many, but not all representatives of the diverse enzyme families as will be elabo-
rated below. The polypeptide chain harbouring the cluster in the other discussed cases, by
contrast, is present, again arguing for a selective loss of this Fe-S cluster in certain enzyme
representatives.

This structural unit couples the 2-electron redox conversion of NAD(P)*/NAD(P)H to
electron transfer chains which perform only 1-electron redox reactions. It therefore serves
the function of a 2- to 1-electron gate. Since the functionally pivotal cofactor in this unit is
a flavin, we will refer to it as the “flavin-module”.

Fig.3 Structural comparison of the “flavin module” from different complexes.
here, (1 or 1.5-column fitting image, the three images can be changed to hori-
zontal alignment)

3.2. The link to NAD(P)-dependent, electron bifurcating [FeFe]-hydrogenases

The larger segment containing both the flavin- and the Y-junction-module is suggested
via sequence similarities to also be present in NAD(P)-dependent, electron bifurcating
[FeFe]-hydrogenases [8, 16]. These enzymes are generally classed into tri- and tetrameric
representatives, while rare monomeric and dimeric enzymes due to subunit fusion exist as
well [24](see below). Two of the common subunits constitute the above described flavin
module while the third is closely related to the C. pasteurianum [FeFe]-hydrogenase. Sim-
ilar to the C. pasteurianum enzyme, the hydrogenase catalytic subunit of these enzymes
features the Y-junction module as its N-terminal part followed by the core domain of [FeFel-
hydrogenases [16]. The Y-junction module therefore exists in all four enzymes shown in
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Fig. 1. These similarities indicate that bifurcating [FeFe]-type hydrogenases employ struc-
tural components of NAD-dependent complex I, NAD(P)-dependent [NiFe]-hydrogenases
and NAD(P)-dependent formate dehydrogenases on one side and of the C. pasteurianum
[FeFe] hydrogenase on the other side. The structural element common to both sides is
the Y-junction module and it can therefore serve as a cornerstone for building a homology
model of the entire bifurcating [FeFe]-hydrogenase by merging the structural features de-
picted in Fig. 1 and Fig. 3. Such a model using the NuoEFG (Nqo213) part of complex
[ as a template has recently been presented by Chongdar et al. (2019) for the trimeric
hydrogenase of Thermotoga (T.) maritima [45]. Still, judging from sequence comparisons,
this structural segment of complex I differs from both trimeric and tetrameric electron bi-
furcating [FeFe|-hydrogenases in several aspects (see Fig. 4). (i) The C-terminal cluster of
the Y-junction module is generally absent in complex I. (ii) An N-terminal extension in the
flavin /[4Fe-4S] subunit of the flavin module is absent in complex I and also in the struc-
tures of the NAD(P)-dependent [NiFe|-hydrogenases. This domain, found to be present in
most [FeFe|-hydrogenases and formate dehydrogenases, was even proposed to ligate an ad-
ditional iron-sulphur cluster [15]. In between the genes encoding the [2Fe-2S]-ligating and
the flavin/[4Fe-4S]-bearing subunits and in rare cases in other gene cluster positions, a gene
coding for an additional subunit is present in tetrameric [FeFe]-hydrogenases and certain
formate dehydrogenases [16]. Sequence analysis indicates homology to the [2Fe-2S]-domain
and, more generally, to thioredoxin-like [2Fe-2S|-ferredoxins [46] but the [2Fe-2S] cofactor
likely is absent (for a more detailed discussion, see section 3.4.1). (iii) The flavin/[4Fe-
4S]-carrying protein features an additional [8Fe-8S]-ferredoxin-like domain as C-terminal
extension. Again, neither complex I nor NAD(P)-dependent [NiFe]-hydrogenases possess
this domain (see below and Fig. 4).

Since Chongdar et al. (2019) proposed their homology model, the above discussed (and
shown in Fig. 1) 3D-structures of NAD(P)-dependent formate dehydrogenases have come
out [7, 47]. These structures remedy two of the three above mentioned shortcomings entailed
by using complex I or NAD(P)-dependent [NiFe|-hydrogenases as templates since both for-
mate dehydrogenase structures contain all four iron sulphur cluster of the Y-junction module
and furthermore possess the equivalent of the small subunit/domain in the flavin module.
Unfortunately, the C-terminal [8Fe-8S]-extension does not occur in the NAD-dependent
formate dehydrogenase enzymes for which structures are now available, although other rep-
resentatives of this enzyme family contain this domain (see section 3.5.4). While positioning
at molecular detail of the C-terminal [8Fe-8S] domain in the flavin/[4Fe-4S| subunit is thus
not yet possible, a rough estimate of its approximate configuration with respect to the core
of the enzyme formed by the three main subunits can be derived from the spatial localisation
of the C-terminus of the flavin/[4Fe-4S]-subunit. Since the [8Fe-8S]-domain represents the
C-terminal extension of this subunit, it must be positioned close to where the flavin/[4Fe-
4S]-subunits of the enzymes of Fig. 3 have their C-termini.

We have in this work surveyed prokaryotic genomes for homologs of the characterised
bifurcating [FeFe]-hydrogenases (to be detailed in section 3.5.2) and the retrieved data set
suggests that the structural unit encompassing the NAD-redox-converting flavin module and
the Y-junction module is indeed common to NAD-dependent complex I, NAD(P)-dependent
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[NiFe]-hydrogenases, NAD(P)-dependent formate dehydrogenases and ferredoxin-dependent
(also called electron bifurcating) [FeFe]-hydrogenases.

3.3. NAD(P)-dependent [FeFe/-hydrogenases and NAD(P)-dependent formate dehydroge-
nases: two manifestations of the same electron bifurcating enzyme?

As discussed in section 3.2 and further detailed below (section 3.5 and Fig. 4), the
molecular make-up of NAD(P)-dependent [FeFel-hydrogenases most closely resembles that
of NAD(P)-dependent formate dehydrogenases. These two enzymes families share the flavin
and the Y-junction module and communicate reducing equivalents (via the C-terminal [4Fe-
4S]-cluster of the Y-junction module) to and from a catalytic unit which redox-converts
either the CO,/formate or the H* /Hy couple. We emphasise that the apparent standard
electrochemical potentials of these two redox couples are virtually indistinguishable (-414
mV vs. -420 mV at pH 7, respectively) suggesting a facile interchangeability without needing
to adapt the redox properties of the cofactors in the Y-junction- and the flavin-module [48].

The similarities in functional properties between these two enzymes are indeed strik-
ing. In 2013, the Thauer group reported the biochemical and functional characterisation of
a formate dehydrogenase purified from Gottschalkia (G.) acidurici which couples NAD™-
reduction by electrons derived from the oxidation of formate to the concomitant reduction of
ferredoxin [11]. This reaction scheme closely resembles the process carried out by electron bi-
furcating [FeFe|-hydrogenases. It is noteworthy that other representatives of this family have
been characterised previously, such as the enzymes from Methylosinos trichosporium [49],
Cupriavidus necator [41] and Rhodobacter capsulatus [50] but their potential ferredoxin-
dependent reactions weren’t analysed, even if Jollie and Lipscomb (1991) [49] found charac-
teristics which in retrospect may be interpreted to suggest electron bifurcating properties of
the enzyme. For the two NAD(P)-dependent formate dehydrogenases for which 3D structure
models recently became available [7, 51], the implication of ferredoxins hasn’t been studied
in detail. We deem worth noting that the coupling of NAD(P)- and ferredoxin-redox con-
versions in the formate dehydrogenase from G. acidurici was observed as early as 1972 [52],
that is, almost contemporary with the development of the Q-cycle scheme by Peter Mitchell,
which rationalised the redox processes in Rieske/cytb complexes through electron bifurca-
tion [53, 54]. However, the conceptual association of the reactions in NAD(P)-dependent
[FeFe]-hydrogenases and formate dehydrogenases to that of the Rieske/cytb complex was
only made four decades later [36, 55, 56].

The pioneering work on the G. acidurici enzyme [52, 11] therefore revealed that se-
lected representatives from the NAD(P)-dependent formate dehydrogenase family can indeed
couple ferredoxin reductions/oxidations to their overall redox reactions just as ferredoxin-
dependent [FeFe|-hydrogenases do. Both the [FeFe|-hydrogenase [57, 24] and the formate
dehydrogenase families [50], however, also seem to include cases which redox convert NAD(P)
without implicating redox reactions of ferredoxins.
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3.4. Functional significance of the Y-junction - flavin module dyad
3.4.1. On the number and roles of the iron-sulphur centres in the flavin module

The 3D-structure model of the flavin module is known for representatives from three
out of the four described families. The spatial positioning of the flavin moiety and the
cubane iron-sulphur cluster located in between the flavin and the Y-junction module is well-
conserved between all these three cases (Fig. 3). However, the [2Fe-2S]-cluster in NuoE
(Nqo2) of NAD-dependent complex I-type enzymes (denoted Nla) positioned on the op-
posite side of the flavin [33], is also seen in the structures of NAD(P)-dependant formate
dehydrogenases but is absent in the NAD-reducing [NiFe]-hydrogenase from H. thermoluteo-
lus. This latter structure nonetheless exhibits the protein fold ligating this cluster in complex
[ and formate dehydrogenases (see Fig. 3). However, this cluster is present in phylogeneti-
cally close sister enzymes of the H. thermoluteolus one as we will show below (section 3.5.3).
Indeed, in all four enzyme-families, this [2Fe-2S]-cluster is present in the majority of consid-
ered cases as suggested by the conservation of its respective cysteine ligands (Supplementary
Tab. 1).

In many NAD-dependent complex I-enzymes studied so far, the Nla cluster is seen to
become transiently reduced upon addition of NADH [58]. Deleting the Nla cluster results
in an inactive enzyme [59], showing that the presence of Nla and N3 clusters is essential for
the function of that complex. A similar observation has been made for the homologous [2Fe-
25]-cluster-bearing HoxE subunit in the [NiFe|-hydrogenase of Synechocystis sp. PCC 6803.
Deleting this subunit from the complex causes all NAD-related functionality to cease [60].
The reduction of complex T by NADH (just like that of cyanobacterial [NiFe]-hydrogenase)
therefore very likely involves an initial bifurcated 2-electron transfer from the flavin to its
flanking clusters and the electron “parked” on the [2Fe-2S] centre eventually follows the path
of the first electron through the Y-junction module towards the quinone reduction site [61].
As we have argued before, this reaction scheme may allow NAD-dependent complex I to
optimize electron transfer from the 2-electron compound NADH towards the 1-electron redox
conduit constituted solely from iron-sulphur clusters by striking a compromise between the
conflicting requirements of 2- and 1-electron transfer events [62].

Many flavin modules in all families except NAD-dependent complex I harbour one to
several additional iron-sulphur centres, the function of which is not known so far. Several
of these additional centres are most likely positioned close to the [2Fe-2S]-cluster. It seems
inevitable to us that for those cases the scenario of “parking” the second electron involved in
flavin redox reactions cannot be applicable. Rather, these clusters almost certainly provide
a conduit for shuttling the electron to/from other electron acceptors such as for example
soluble ferredoxins [8].

We therefore consider that presence/absence of the [2Fe-2S]-cluster next to the flavin
as well as of an additional electron transfer pathway in contact with the [2Fe-2S]-cluster is
of prominent importance for the catalytic and kinetic abilities of the respective enzymes in
communicating with soluble electron shuttles.

In many hydrogenases and formate dehydrogenases, an additional domain is fused to the
N-terminus of the flavin/[4Fe-4S] subunit as is the case in the two formate dehydrogenase en-
zymes for which a structure is available (Fig. 3). Tetrameric versions of NAD(P)-dependent
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[FeFe]-hydrogenases (see section 3.2) and of NAD(P)-dependent formate dehydrogenases
contain a further small subunit. In most cases, the gene encoding this protein is flanked
upstream by that coding for the [2Fe-2S]-bearing subunit of the flavin-module and down-
stream by that encoding the flavin/[4Fe-4S] subunit. The gene cluster disposition of these
cases and those discussed below are summarised in Fig. 4. As noticed previously [46, 16],
sequence comparisons indicate that the small subunit/N-terminal-domain and the [2Fe-2S]-
binding domain most likely arose from gene duplications and that they therefore are likely
to exhibit a common fold. Meyer et al. (2011) pointed out that this fold corresponds to
the structure of thioredoxin-like [2Fe-2S]-ferredoxins [46]. The recently obtained structures
validate these sequence-based predictions (see Fig. 3). The presence of cysteine residues in
the small subunit/N-terminal-domain has led to the proposal that this subunit may add a
further iron-sulphur-centre to the cluster inventory of the flavin module [16, 63]. Our mul-
tiple alignments of a large sample of small subunit/N-terminal-domain sequences in both
hydrogenases and formate dehydrogenases showed that the first cysteine ligating the cluster
in thioredoxin-like ferredoxins and in the [2Fe-2S]-domains of the flavin module is absent
in these polypeptides. The second one is only sporadically conserved and only the third
and forth cysteines are present in appropriate positions in the majority of sequences from
NAD(P)-dependent [FeFe|-hydrogenases. Since only two potential cluster ligands are con-
served and since furthermore mutagenesis studies on thioredoxin-like ferredoxins [64, 46] have
demonstrated the first cysteine (absent in these sequences) to be indispensable for stabilising
an iron-sulphur cluster, we tend to consider it highly unlikely that these domains contribute
a further cluster to the inventory of redox centres in the flavin module. In the homologous
subunits/domains of NAD(P)-dependent formate dehydrogenases (such as for example the
enzyme depicted in Figures 1J-L and 3C), cysteine residues are fully absent furthering our
doubts on the existence of additional [Fe-S|-clusters afforded by these polypeptide chains.

Remarkably, in a specific group of formate dehydrogenases, the gene encoding the thioredoxin-
like protein and flanked in the gene cluster by ORFs for the [2Fe-2S]-subunit (upstream) and
the flavin/[4Fe-4S]-protein (downstream) is replaced by an unrelated gene the product of
which is located in the enzyme on the surface of the catalytic subunit [7], that is, in a spatial
position completely different from that of the thioredoxin-related small subunit (Fig. 4). We
will come back to this observation below (section 3.5.4).

In a few tetrameric versions of NAD(P)-dependent [FeFe]-hydrogenases, a gene coding for
a thioredoxin-like protein is additionally found at the end of the gene cluster downstream of
the ORF encoding the catalytic subunit. This gene can also be found fused to the 5’-end of
the catalytic subunits’s gene as is for example the case for the biochemically characterised
enzyme from Thermotoga maritima [65]. In contrast to what is the case for the above
discussed subunit/domain, the sequences of the thioredoxin-like proteins/domains encoded
at the end of the gene cluster contain all four canonical cysteines of thioredoxin-like [2Fe-
2S]-ferredoxins [46] and they are generally assumed to indeed provide an additional redox
centre to the enzyme [65, 45] (see Fig. 4).

Fig.4 Operon structures here, (1.5 or 2-column fitting image)
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3.4.2. Branched electron transfer, electron bifurcation and energy-converting electron bifur-
cation: a specification of meanings

Branching of electron transfer occurs when single reducing equivalents can take either of
two distinct paths leading away from the branchpoint redox centre. Which pathway or to
which extent each of the two pathways is taken will depend on relative redox potentials of the
involved redox centres, their distances and/or on congesting either pathway by downstream
kinetic limitations. The inverse reaction would in this definition be the “merging” of distinct
electron transfer chains and the branchpoint redox centre would become the merging cofac-
tor. Electron transfer reactions through this module are exergonic and all individual redox
transitions are 1-electron reactions. This type of processes obviously is what the Y-junction
module can mediate, since the edge-to-edge distances between each of the surface-oriented
clusters, i.e. the [2Fe-2S], the histidine-[4Fe-4S] and the C-terminal [4Fe-4S], to the central
[4Fe-48] are around 7 A (Fig. 2). Such a branching behavior of the Y-junction module
has indeed been demonstrated via mutational studies for the [FeFe]-hydrogenase from C.
pasteurianum [32].

Bifurcation in colloquial language may appear quite synonymous to branching. In the
field of bioenergetics, however, the term has originally been introduced to describe the quinol
oxidation reaction in mitochondrial complex III (a member of the Rieske/cytb family of en-
zymes) by Peter Mitchell [53, 54] and in particular to rationalise the phenomenon that low
potential hemes were seen to be reduced by quinones in a reaction triggered by the addi-
tion of oxidants (the so-called “oxidant-induced reduction” [66]). This concept was later
expanded by Buckel and Thauer [36, 55, 56, 67, 68] towards flavin-containing enzymes in
the aim to explain the observed reduction of low potential ferredoxins concomitant with and
coupled to the reduction of oxidants such as NAD(P) or crotonyl-CoA. The phenomenon of
the reduction of low potential acceptors is presently understood on the basis of an interfac-
ing of 2-electron redox compounds (such as quinones or flavins) with two distinct 1-electron
redox chains. It is this interfacing process which we regard as the actual electron bifurca-
tion/confurcation reaction. The immediate redox partners of the bifurcating centre within
these two distinct 1-electron redox chains, however, can be (and mostly are) intra-enzyme
redox centres, rather than ferredoxins or flavodoxins.

Quinones and flavins are known to the organic chemists since almost a century as dis-
playing intriguingly versatile redox properties [69, 70] and in particular variable strengths
of what is called redox cooperativity between their individual 1-electron redox transitions
(for a more detailed discussion, see [62]). While intuitively the loss of the first electron from
a fully reduced 2-electron compound should disadvantage departure of the second one (due
to loss of electrostatic repulsion), redox cooperativity denotes cases when, by contrast, the
first redox transition favours occurrence of the second one. Redox cooperativity thus results
in lowering of the difference in redox potentials of the two individual 1-electron transitions
and can even lead to so-called “inverted” redox potentials where the first redox transition
generates a highly reactive semi-reduced state and thereby triggers the immediate occur-
rence of the second one, yielding an apparent concomitant 2-electron redox event [71]. The
strong reactivity of the semi-reduced state and appropriate tuning of electrochemical po-
tentials of all redox centres involved in the “2e~/ 2 x le™”-interfacing reaction allows the
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reduction of low potential acceptors, the hallmark phenomenon of electron bifurcation, to
naturally emerge from the energetic landscape of the process [72, 73]. The reaction schemes
observed in the Rieske/cytb complexes, in Electron Transfer Flavoproteins (ETFs) and in
the NADH-dependent reduced ferredoxin:NADP* oxidoreductase (Nfn) enzyme nicely fit
this electrochemical scheme [36, 55, 56, 62, 73].

However, as we have argued before [74, 62], the extent of redox inequivalence (resulting
from varying strength of redox cooperativity of the 2-electron compound) was found to be
variable and likely represents a continuum reaching up to a virtual equivalence as may for
example be the case in certain types of complex I (discussed in Baymann et al. (2018) [62]).
Electron bifurcation defined as 2e~/ 2 x le”-interfacing thus is not equivalent to the process
of reducing low potential acceptors, since the two electrons could be forwarded to two roughly
equipotential 1-electron acceptors. Ferredoxin-dependent electron bifurcation is therefore a
special case of the wider scheme of electron bifurcation.

To integrate the empirically observed redox reactions performed by the NAD(P)-dependent
[FeFe]-hydrogenases and formate dehydrogenases dealt with in this work into the above de-
scribed conceptual framework, Buckel and Thauer have realised that the most straightfor-
ward way implied assuming the presence of two distinct flavin moieties in these enzymes [36].
One of these flavins would represent the 2e~/ 2 x 1le~ bifurcating site while the second one
would consecutively accumulate two electrons to eventually be able to reduce NAD(P) in a 2-
electron redox reaction. Unfortunately, the ensemble of structural information accumulated
over the last few years and summarised in section 3.1 renders the two-flavin model extremely
unlikely. The previous mechanistic rationalisation of what is observed experimentally has
thereby lost its basis. To remedy this problem, several alternative mechanistic models have
been proposed. For example, Peters et al. (2018) [75] considered the possibility that elec-
tron bifurcation actually occurs on the H-cluster of the hydrogenase catalytic subunit while
Chongdar et al. (2019) [45] proposed the Y-junction module to perform this function.

The definitions detailed above make it clear that the Y-junction module in the bifurcat-
ing [FeFe]-hydrogenases cannot perform electron bifurcation as defined by NAD-dependent
ferredoxin reduction but only electron branching. Such a branching pathway has been
proposed to result in redox equilibration with the ferredoxin pool in an attempt to ratio-
nalise the observed substochiometric reduction of ferredoxin by hydrogen [8]. The recent
structure model of NAD-dependent formate dehydrogenase from R. capsulatus, however,
showed that the branching in the Y-junction module might connect individual enzymes of
the functional dimer. Assuming that the dimeric forms of electron bifurcating, NAD(P)-
dependent [FeFe|-hydrogenases resemble their formate dehydrogenase sister enzymes, an
equilibration with the ferredoxin pool through the Y-junction module’s histidine cluster is
thus precluded. We are also reluctant to consider the H-cluster as the electron bifurcating
site. Since NAD(P)-dependent formate dehydrogenases were shown to operate pretty much
the same way as the [FeFe]-hydrogenases do, this would imply that the molybdopterin co-
factor performs the same redox reaction as the H-cluster is proposed to do in this scheme.
While molybdopterins have been shown to feature the crucial electrochemical properties
allowing also quinones and flavins to bifurcate electrons [76], it seems difficult to imagine
the reduction of soluble ferredoxins at the molybdopterin site in the light of the known
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3D-structures of this class of enzymes [77, 7]. To our minds the only potentially electron
bifurcating site needs to be the flavin within the flavin module. We admit that an ade-
quate mechanistic theory so far is sorely missing. However, we suspect that the single flavin
must somehow integrate the distinct redox functions of the two electrochemically differing
flavins hypothesised previously. To accomplish this feat, the electrochemical properties of
this single flavin may be more malleable and tunable by external parameters than previ-
ously thought. Recent studies pinpointing sequence stretches in the flavin module which
distinguish ferredoxin-dependent [FeFel]-hydrogenases from ferredoxin-independent ones [24]
or unraveling conformational changes within this module which potentially alter the ener-
getic landscape of the entire bifurcating reaction [78] may provide first clues into how the
single flavin can be coaxed into acting in two electrochemically different ways to fulfill the
roles of both previously proposed flavin entities.

It is worth restating that the above definition of electron bifurcation thus differs from that
frequently used in the literature on [FeFe|-hydrogenases and formate dehydrogenases which
calls an enzyme from this group electron bifurcating/confurcating if it reduces/oxidises ferre-
doxins while it redox-connects the NAD(P)H/NAD(P)* couple to the H* /Hy or COy/formate
couples. The ferredoxin-reducing process, however, appears as a special case in our definition
of electron bifurcation which, by contrast, also considers situations where reducing equiva-
lents on a 2-electron compound are bi-/confurcated to/from two individual 1-electron centres
and none of the two electrons goes to or derives from a ferredoxin. Rather than “bifurcating”
or “non-bifurcating” [24] we suggest to refer to these enzymes as “ferredoxin-dependent” or
“ferredoxin-independent”. Distinguishing the bifurcating 2e~/ 2 x le -reaction from the
generation of reduced low potential acceptors allows to integrate the cases of the ferredoxin-
independent [FeFe]-hydrogenases [57] and formate dehydrogenases (which may both operate
in a way related to complex I, that is, bifurcate electrons towards two distinct 1-electron
chains, however without reducing ferredoxins). This distinction may also help to provide in-
sights for understanding the observation of less-than-strict coupling of ferredoxin reduction
in certain [FeFe]-hydrogenases [8, 13, 12].

3.5. Phylogenetic relationships between and within the four families of NAD(P)-dependent
enzymes and mapping of structural/functional particularities onto the tree

We have used sequences of the Y-junction module as queries against complete RefSeq
genomes available in NCBI databases to search for the presence of gene clusters containing
this module. In the majority of cases where the sequence of the Y-junction module was
detected, the surrounding gene cluster (see Fig. 4) also featured ORFs coding for the flavin
module and the individual clusters could be attributed to one of the four enzyme families
introduced above plus an additional enzyme family to be discussed below (section 3.5.6) via
their dissimilar catalytic subunits/domains. However, significant variability in the detailed
make-up of these gene clusters was observed resulting in corresponding variability in the
structural layout of these individual enzymes (see Figures 4 and 5a, 5b). Rare examples of
gene clusters which include the Y-junction module but not the flavin module were excluded
from the present analysis which focuses on the NAD(P)-dependent enzymes. These rare
cases likely correspond to so far unknown enzymes.
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Phylogenies of both the Y-junction and the flavin modules were reconstructed and are
shown in Figures Ha and 5b, respectively. Sequences of the Y-junction module are contiguous
with no significant indels (the only exception shall be discussed in section 3.5.6) and contain
amino acid residues ligating between three and four iron-sulphur clusters. The 12-16 con-
served residues are evenly distributed over the entire sequence and therefore substantially
facilitate the alignment. The sequence stretch considered for tree reconstruction amounts
to 200 amino acid residues on average (alignment of the Y-junction module can be found
in Supplementary Figure 1). In addition to these functionally conserved residues, sequences
of the Y-junction module exhibit several stretches of high conservation. The flavin module,
by contrast, is frequently split into two to three subunits requiring concatenation for tree
reconstruction. We restricted the concatenation procedure to the two ubiquitously present
domains as discussed above and highlighted in Figure 3 (section 3.1.3 and Supplementary
Fig. 2). The concatenated sequence of the flavin module contains on the order of on average
510 amino acid residues. Neither the Y-junction nor the flavin module therefore correspond
to very large molecules and the number of phylogenetically informative sequence sites there-
fore is limited. This resulted in low bootstrap values (visualized by grey shaded branches in
the phylogenetic trees in Fig. 5a and 5b) for some of the lowest nodes connecting the individ-
ual enzyme families. These low bootstrap values preclude firm inferences on the sequence of
evolutionary events during emergence of the entire superfamily of these NAD(P)-dependent
enzymes. However, individual clades were strongly bootstrap-supported.

Fig. 5A Tree Y-junction module and Fig. 5B Tree flavin subunit here, (whole
page each)

The phylogenetic tree of the Y-junction module shown in Fig. ba clearly distinguishes
the four groups of enzymes discussed above, that is, the NAD(P)-dependent subfamilies of
[FeFe]-hydrogenases (on a dark blue background shading), [NiFe]-hydrogenases (cyan back-
ground), formate dehydrogenases (purple background) and complexes I (red background).
The molecular layout of the enzymes and the presence or absence of specific redox cofactors
were deduced from the organisation of the observed gene clusters and the presence/absence
of conserved motifs (as shown in Supplementary Table 1). The conserved general outline of
the gene clusters in the various families is schematically presented in Fig. 4.

The schematic pictograms drawn within the boxes of Fig. 5a indicate the respective
minimal cofactor composition for each of the four main enzyme families. When individual
clusters within a family subtree share common setups with additional redox centres, these
arrangements are shown in smaller pictograms drawn at the representive leaves of the tree
in Fig. 5a and 5b. For branches which don’t feature pictograms, their specific additional
cofactor complement varies too much to be explicitly displayed without overloading the
figure. Fully-annotated trees can be found in the Supplementary Figures 4a and 4b, for
Fig. ba and 5b, respectively. The exact layout of each enzyme considered in this study is
specified in the Supplementary Table 3.
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3.5.1. Did the Y-junction- and the flavin-module coevolve?

A detailed inspection of the well-defined clades in Figures 5a and 5b shows that the
phylogenies reconstructed from the Y-junction- and the flavin module feature very similar
clusterings. However, the general layout of these trees, that is, the ordering of low-branching
nodes, differs substantially between Fig. 5a and Fig. 5b. This may in part be due to poor re-
liability of the deep branchings mentioned above. By contrast, several discrepancies between
the two trees cannot be rationalised by low bootstrap support. The tree of the flavin module
in fact shows a pronounced and strongly bootstrap-supported (99.6%) cleavage into two sub-
trees which notably tears apart the two individual clades of [NiFe]-hydrogenases (denoted
as Group I and II, respectively, see section 3.5.3) as well as numerous [FeFe]-hydrogenases
and formate dehydrogenases, all of which are grouped together in the tree of the Y-junction
module.

A second indisputable discrepancy consists in the fact that in the tree of the flavin
module, formate dehydrogenases are interspersed within [FeFe]-hydrogenases and vice versa.
Even in the absence of any tree reconstruction, the multiple alignments by themselves already
show that the respective sequences are much more closely related to those of neighbouring
branches corresponding to dissimilar enzymes than to those of their genuine family.

We consider that the following observations show a lead to a possible and quite parsi-
monious rationalisation of the above described discrepancies: (a) The Y-junction module
almost perfectly clusters individual enzyme families. (b) The Y-junction module is fused to
the catalytic domain in all representatives of NAD(P)-dependent [FeFe|]-hydrogenases and
formate dehydrogenases hindering shuffling of genes encoding these two protein domains
between different gene clusters in the same species or even inter-species. (c) As already
touched upon in section 3.3., from an electrochemical point of view the COy/formate and
the H* /Hy couples are basically indistinguishable. Interchanging flavin modules between
these two families therefore does not require redox adaptations and resulting hybrids would
be instantly fully functional. (d) The split in the flavin tree of Figure 5b reflects a di-
chotomy which has recently been proposed by Losey et al.(2020) to be linked to the abil-
ity /disability of [FeFe|-hydrogenases and formate dehydrogenases to exchange electrons de-
rived from the flavin-based bifurcation/confurcation reactions with the pool of low potential
ferredoxins/flavodoxins as defined in section 3.4.2 [24].

The ensemble of these findings suggest the following scenario: The Y-junction mod-
ule almost strictly coevolved with the catalytic domains of the respective enzyme families
rationalising the at first sight puzzling observation that a tree based solely on sequences
of the Y-junction module manages to reproduce the grouping of the diverse enzyme fam-
ilies. The flavin module, by contrast, can be interchanged between (particularly [FeFel-
hydrogenase and formate dehydrogenase) families which explains the occurrence of hybrid
enzymes. The equivalence of the formate and hydrogen redox reactions furthermore may
rationalise the emergence of more exotic cases such as that characterised in Clostridium
autoethanogenum [14, 48] which merges [FeFe]-hydrogenase, formate dehydrogenase, the Y-
junction and the flavin module into a super-enzyme (see Supplementary Section 3). Finally,
if the proposal by Losey et al. (2020) [24] that the major dichotomy of the flavin module tree
corresponds to its ability /disability to reduce low potential ferredoxins/flavodoxins (see sec-
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tion 3.4.2), should weather the challenges of an increasing number of characterised enzymes,
this would point towards very early divergence of the flavin module into two groups involv-
ing or excluding ferredoxin/flavodoxin redox reactions in/from the bifurcation/confurcation
process. According to the metabolic needs of each organism it may then have plugged either
of these functionally different modules onto their respective enzymes.

The molecular layout of the two clades (denoted as Group I and Group II) of [NiFe]-
hydrogenases appears to be in line with this hypothesis. While these two clades appear as
close sisters in the tree of the Y-junction module, they are pulled apart into the distinct
regions of the flavin tree. The 3D-structure of the characterised enzyme (Fig. 3B) as well as
the predicted molecular makeup of the other representatives in this clade (Group I in Fig. 5a)
show that the flavin module lacks the [2Fe-2S] centre, a redox cofactor which most likely
is indispensable for electron transfer between the flavin and soluble ferredoxins/flavodoxins.
Characterised [NiFe]-hydrogenases from this clade do not exchange electrons with the low
potential soluble carriers. In line with these structural considerations, these enzymes are
found within the ferredoxin-independent part (according to [24]) of the tree. The represen-
tatives of the Group II clade (located within the presumed ferredoxin/flavodoxin-dependent
part of the flavin tree), by contrast, have the full complement of redox centres also found in
ferredoxin-dependent [FeFe]-hydrogenases and formate dehydrogenases at their disposition.
Biochemically studied cases from Group II have been shown to exchange electrons both with
NAD(P)*/NAD(P)H and ferredoxins or flavodoxins, although a potential coupling of these
two reactions could not be conclusively assessed so far [80, 81]. We will present more spec-
ulative assessments of the very early evolutionary pathways of the enzyme families towards
the end of this article. In the following we will first discuss both the fine structure of the
tree and the pertinence of the observed structural and functional idiosyncrasies.

3.5.2. NAD(P)-dependent [FeFe/-hydrogenases

3.5.2.1. Phylogenetic distribution and molecular layout

As suggested by the tree of the Y-junction module in Fig. 5a, the NAD(P)-dependent
[FeFe]-hydrogenases form a compact clade with several deep-branching subclades. The gene
cluster compositions of the enzymes representing this clade strongly resemble each other
(Fig. 4) to the exception of the subclade clustering around the C. pasteurianum enzyme (see
3.5.2.2.). The clade of NAD(P)-dependent [FeFe]-hydrogenases comprise sequences encoded
by genes which are annotated in their respective genomes as either “hnd”, “hyd”, “hyt” or
“hym”. These dissimilar naming schemes do not coincide with phylogenetic clustering but
are purely historical. The alphabetical numbering of subunits, despite substantial homologies
and strongly conserved succession in gene clusters (Fig. 4), furthermore differs between the
Hnd-, Hyd- etc naming schemes. To avoid confusion when discussing the molecular makeup
of enzymes in this clade, we have adopted the Hnd-type nomenclature throughout and
provide in Supplementary Table 2, the correlation between all these naming schemes. The
introduction of the term Hnd was originally motivated by the fact that these hydrogenases
are nad(p)-dependent and, in the light of the fact that all cases treated in this work contain
the flavin module, we consider this nomenclature as the most appropriate.
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So far in prokaryotes, Hnd-type enzymes are exclusively found in Bacteria. They share
this trait with their NAD(P)-independent relatives further corroborating the picture that
[FeFe]-hydrogenases are absent from the archaeal domain [82].

Hnd-type enzymes generally occur as tetrameric, trimeric or in rare occasions as dimeric
versions. In the ciliate N. ovalis, a eukaryote, even a monomeric Hnd has been found [83,
84]. It has been proposed previously that the small HndB subunit of the tetrameric form
corresponds to an N-terminal domain of the flavin containing HndC subunit in trimeric
manifestations of the enzyme and that therefore the molecular layouts of tri- and tetrameric
versions are virtually the same [12, 16]. Mono- and dimeric forms represent more extensive
fusions of subunits [24]. Our genome survey corroborates this view since in all trimeric cases
we retrieved, the N-terminal domain of the HndC subunit, when it exists, shows intriguing
sequence similarities with the HndB proteins (Such homology is illustrated by same color
and shade in Figure 4). HndB, just as the [2Fe-2S]-domain of HndA, have been predicted
to feature the fold of Trx-like [2Fe-2S]-ferredoxins as discussed in section 3.4.1.

We furthermore found four trimeric sequences (also discussed in section 3.4.1), with a
domain homologous to HndB fused to the C-terminal end of the catalytic [FeFe]-hydrogenase
subunit HndD (see Fig. 4). A clustering of these four cases is observed both in the Y-
junction- and the flavin-module-tree. No clustering into tri- and tetrameric clades can be
observed on these trees (in accordance with [16]). While the lower nodes on the tree aren’t
supported by high bootstrap values, higher level branchings come close to 100% bootstrap
support and in several cases such nodes separate tri- from tetrameric representatives. We
therefore conclude that the gene fusion/fission of the DNA-stretch coding for the HndB
subunit has occurred several times independently during [FeFe]-hydrogenases’ evolutionary
history from their emergence to the present day.

3.5.2.2. The C. pasteurianum-type monomeric, NAD(P)-independent enzymes possi-
bly derive from NAD(P)-dependent hydrogenase ancestors

As mentioned above we restricted this analysis to enzymes that contain both the Y-
junction and the flavine module. As the only exception to this rule we included the
monomeric enzymes resembling the C. pasteurianum [FeFe]-hydrogenase (denoted by a
dark-grey background within the tree of [FeFe|]-Hydrogenase in Fig. 5a). Since this en-
tire work was initially triggered by the observation of a structural module conserved be-
tween the C. pasteurianum (i.e. NAD(P)-independent!) [FeFe]-hydrogenase and the three
NAD(P)-dependent enzymes shown in Fig. 1, we found it indispensable to include the C.
pasteurianum sequence into our phylogenetic analysis (as it also guided the structure model
informed alignments, Supplementary Figure 1). To increase the reliability of nodes, we
searched genomes for further cases related to the C. pasteurianum enzyme, that is, featur-
ing the Y-junction module as N-terminal (F-) domain with a [FeFe]-catalytic (H-) domain
but lacking genes coding for the flavin module. The resulting tree topology draws an intrigu-
ing evolutionary picture. All C. pasteurianum-type enzymes cluster together and emerge as
a subclade from within the tree of NAD(P)-dependent [FeFe|-hydrogenase (Fig. 5a). The
most parsimonious interpretation of this topology is that C. pasteurianum-type enzymes
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derive from NAD(P)-dependent precursors which still contained the flavin module. The
Y-shaped form of the electron entry/exit pathways to and from the catalytic H-cluster thus
would find its raison d’étre as an evolutionary relic from an NAD(P)-dependent past. This
of course does not necessarily mean that the two distinct electron transfer pathways aren’t
physiologically relevant in the extant C. pasteurianum enzyme and its relatives [32]. How-
ever, rather than having specifically emerged to perform such physiological functions, they
derive from a different kind of process, that is, branched electron transfer as in the Hnd-type
enzymes, and have been attributed novel functions when the flavin module got lost. The
low bootstrap support at the base of this clade cannot strictly rule out alternative scenarios
which would have in common that they consider an [FeFe]-hydrogenase devoid of the flavin
module as the ancestor of the Hnd family. However, such scenarios would entail the necessity
for extensive lateral transfer of both the flavin and the Y-junction module across all families
rendering them significantly less parsimonious than the above proposed one.

3.5.8. NAD(P)-dependent [NiFe]-hydrogenases

As mentioned above, this family features a deep branching into two clades (Group I
and Group II in Fig. 5a and 5b). The first group shows a further, more recent diver-
gence into two subclusters of sequences. The structurally and biochemically known enzyme
from H. thermoluteolus (Fig. 1G-I [6, 85]) and the biochemically best characterised com-
plex from Cupriavidus necator (formerly called Alcaligenes eutrophus) belong to Group I and
represent relatively typical members of their particular subclade [86, 21, 22]. They contain
only three iron-sulphur clusters in the Y-junction module (missing the C-terminal cluster
as indicated in Fig. 1G and 1H) and furthermore lack the [2Fe-2S]-centre from the pair of
clusters flanking the flavin (Fig. 3). This implies that (a) the Y-junction module cannot
mediate branching into two distinct electron transfer pathways and (b) the reduction of the
flavin cannot occur in a confurcating 2-electron process but the electrons must reach the
flavin one-by-one on their way from the Hy-oxidising catalytic site of the [NiFe]-hydrogenase
or vice versa. Electron transfer in the enzymes from this clade therefore necessarily is linear
as indicated in Fig. 1G. Consequently, we predict that in these enzymes the flavin fea-
tures a relatively high stability constant for its semi-reduced form to facilitate one-by-one
reduction [62].

By contrast, the second clade forms a single radiation (Group II in Fig. 5a and 5b).
All members of Group II not only seem to contain the [2Fe-2S]-cluster next to the flavin
but their Y-junction modules contain the full set of all four iron-sulphur centres and their
Y-junction/flavin-module dyad therefore strongly resembles that of ferredoxin/flavodoxin-
dependent and NAD(P)-dependent [FeFe]-hydrogenases and formate dehydrogenase. It
hence is tempting to assume corresponding functional properties. Experimental evidences
gathered on the cyanobacterium Synechocystis sp. PCC 6803 give credence to this as-
sumption. In wvitro tests in cell-free extracts have shown a significant increase in hydro-
gen production upon addition of ferredoxin or flavodoxin, indicating a potential second
donor/acceptor [80]. These experimental results may indicate a less-than-strict coupling
of NAD(P) and ferredoxin redox reactions as also observed in the Hnd-enzyme from D.
fructosovorans [8]. While we would suggest a bifurcating ability in these enzymes, to our
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knowledge a coupling of the reductions of ferredoxin and of NAD™ by electrons derived
from hydrogen has not been unambiguously demonstrated so far (however, see Artz et al.
(2020) [87]).

We were unable to detect any archaeal representatives of this enzyme family and the de-
tailed structure of its subtree shows only little resemblance to species trees. At the present
state of available genome data, it therefore seems likely that this enzyme emerged in Bacte-
ria and was subsequently distributed largely via horizontal gene transfer over the bacterial
domain. As a caveat to these conclusions, it is worth mentioning that heterotetrameric,
soluble NADP-dependent [NiFe|-hydrogenases can be found in the euryarchaeal family of
Thermococcaceae with characterised proteins from Thermococcus litoralis [88], Thermococ-
cus kodakarensis [89] and Pyrococcus furiosus [90]. Besides a certain degree of similarity
in the catalytic hydrogenase subunits, we were unable to identify a Y-junction module nor
could we find similarities in the sequences of the respective flavin subunits (the flavin can
occur either as FAD or as FMN in these cases). While they have been called “Hox-type” hy-
drogenases by some authors [91], we have not considered them here since they are extremely
divergent with respect to those dealt with in our phylogenetic analysis. Whether archaeal
enzymes of this type will ultimately modify the tentative conclusions on the ancestrality of
this clade remains to be seen.

3.5.4. NAD(P)-dependent formate dehydrogenases

A few isolated cases of this type of enzyme have been dealt with in the literature [11, 41,
49, 50, 92, 93, 7, 51, 47] and phylogenetic investigations are scarce [94]. In the phylogenetic
tree reconstructed from sequences of the Y-junction module (Fig. 5a), all cases containing a
formate-dehydrogenase of the Mo/W-bisPGD-type cluster into five groups, well-separated
from the NAD(P)-dependent versions of both [FeFe|- and [NiFe|-hydrogenases. Three of
these groupings are also seen in the tree based on flavin module sequences (Fig. 5b).

The common presence of the flavin module in all formate dehydrogenases in the tree
implies that all these enzymes are indeed NAD(P)-dependent and belong to a homoge-
neous group. Similar to what we discussed in section 3.5.2 for [FeFe]-Hydrogenases, several
naming schemes are in use for this enzyme family (e.g. Fds [41, 95], Fdh [92, 96, 94| or
Fno [97]). To avoid confusion, we will apply the “Fds”-scheme to all these enzymes and
specify nomenclature correspondences with Table 1 and Supplementary Table 2.

In the depicted phylogeny of the Y-junction module, the subtree of NAD-dependent com-
plexes I grows out of one of the clades of the NAD(P)-dependent formate dehydrogenases.
This intriguing observation will be discussed at length in the following section (section 3.5.5)
dealing with the complex I subtree.

In striking contrast to NAD-dependent [FeFe]- and [NiFe]-hydrogenases, a few clusters of
NAD(P)-dependent formate dehydrogenase-type enzymes show deep splittings into archaeal
and bacterial subgroups. Group A3 in Fig. 5a, for example, is characterised by a deep
(Eury-)Archaea/Bacteria divergence but unfortunately this clade so far contains only two
representatives for each prokaryotic domain. In enzymes from this clade the Y-junction mod-
ule retains all four clusters and the flavin module is equipped with both clusters flanking the
flavin. All representatives are trimeric, i.e. their small subunit is fused to the flavin-binding
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FdsB subunit. Since the complement of redox cofactors is equivalent to that of Hnd- and
Fds-type enzymes for which ferredoxin reduction wvia electron bifurcation (see sections 3.2
and 3.3) has been experimentally observed, it seems tempting to assume that the enzymes
in Group A3 are able to fulfill similar functions. However, while the flavin modules of the
two archaeal representatives indeed cluster within the “ferredoxin/flavodoxin-dependent”
domain (see section 3.5.1) of the tree shown in Fig. 5b, the two bacterial sequences are part
of the lower, ferredoxin-independent subtree and biochemical information on the respective
enzymes will be required to settle this question.

Enzymes from a further archaeal cluster (denoted as Group Al in Fig. 5a) differ sig-
nificantly from the above mentioned euryarchaeal examples. This group encompasses both
Cren- and Euryarchaea as well as two additional bacterial species. They all lack the histidine
cluster in the Y-junction module and most of them don’t possess a flavin-flanking [2Fe-2S]-
cluster. Only the enzymes from the Aciduliprofundum genus retain this cluster. Again to
the exception of these two euryarchaeal cases, all members of the group are dimeric enzymes
with one polypeptide encompassing the entire flavin module. The absence of two crucial
[Fe-S]-clusters makes the possibility of a communication with soluble ferredoxins in these
enzymes doubtful. Two proteobacterial representatives, Methylorubrum extorquens (Met
ex) and Cupriavidus ozalaticus (Cup ox), are associated with this archaeal clade (see Sup-
plementary Fig. 3a). Notably, these two bacterial sequences do not cluster with archaeal
ones in the tree of the flavin module. Their Y-junction module lacks the histidine-cluster, a
feature not found in other bacterial NAD(P)-dependent formate dehydrogenases but char-
acteristic for the mentioned archaeal clade. The low bootstrap support for the nodes of
these two bacterial sequences favours the assumption that pulling them into the archaeal
clade is driven by the common absence of the residues ligating the histidine cluster and
therefore a tree-building artefact. This effect likely also explains the positioning of the se-
quence of the dimeric enzyme from the Archaeon Methanothermobacter methylutens (Met
me) basal to the bacterial cluster Group A2 next to the archaeal Group Al. This sequence
contains the histidine-ligating residues (just as all bacterial members of this clade) which
likely drags its branch over from the archaeal clade. In the tree of the flavin module its
branch is indeed part of the corresponding archaeal clade. We therefore consider it highly
likely that the groups Al and A2 in Fig. 5a in fact correspond to well-separated archaeal
and bacterial clades, respectively. Potential evolutionary consequences of such a clustering
will be discussed below.

Members of Group A2 contain both tri- and tetrameric manifestations of the enzyme
in a strongly mingled manner. However, the 3D structure model of the A2-type enzyme
from Rhodobacter capsulatus (Rho ca) [7] indicates that, in stark contrast to NAD(P)-
dependent [FeFe|-hydrogenases, the fourth subunit (denoted FdsD, see Fig. 4) in the tetrameric
versions (a) does not resemble thioredoxin-like [2Fe-2S]-proteins (see section 3.4.1) and (b) is
located on the surface of the catalytic molybdopterin-subunit. Like the enzymes from Group
A3, the members of this group feature the full set of cofactors required to bifurcate electrons
and to connect to the ferredoxin pool. In fact, for the tetrameric enzyme from Methylos-
inus trichosporium (Met tr) the absence of an observable flavin semiquinone species [49],
indicative for inverted redox potentials, supports this scenario. Further biochemically char-
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acterised members of Group A2 are the Fds enzymes from Rhodobacter capsulatus (Rho
ca) [50] and Cupriavidus (C.) necator (Cup ne) [41] for which the structural models of the
entire protein [7] or the flavin module [47] have been recently obtained. In addition, the
latter study regarding the enzyme of C. necator observed a neutral semiquinone species
by EPR, thereby suggesting a ferredoxin-independence of the reaction. Such a ferredoxin-
independent reduction of CO, by NADH could also be shown for its relative C. ozalaticus
(Cup ox) [98].

The cluster denoted as Group B again contains tri-and tetrameric enzymes exclusively
from the bacterial kingdom. In contrast to the above mentioned Group A2, the fourth
subunit in the tetrameric versions in this group is a homolog of the HndB protein of [FeFel-
hydrogenases. Since the name FdsB is already taken by the flavin/[4Fe-4S]-subunit of the
flavin module, we have chosen to denote the gene coding for this subunit as fdsX in Fig. 4.

We have organised Group B into a larger group B2 encompassing a second enzymes clus-
ter denoted as group B1, which homogeneously display the full complement of redox centres
involved in electron bifurcation and in branched electron transfer. Members of the enclosing
Group B2, by contrast, show more heterogeneous layouts of subunits and cofactors (specific
information for each individual representative can be found in the Supplementary Table
3). Group B2 contains the only Fds-enzyme for which electron bifurcation involving reduc-
tion of ferredoxins has been demonstrated experimentally, i.e. the Fds from Gottschalkia
acidurici [11]. Unfortunately, the gene cluster organisation of this very case deviates some-
what from that of the bulk of cases situated in this group. Its gene cluster features a
Y-junction module (with the FdsA specific Al cluster, see Tab. 1) as separate ORF to-
gether with two distinct catalytic formate dehydrogenase subunits, each of which contains
its own Y-junction module as an N-terminal extension. The two latter Y-junction module
sequences cluster together (not shown since difficult to discern on the scale of the tree), in-
dicating relatively recent gene duplication events. However, the Y-junction module encoded
by a separate gene located in between the duplicated catalytic subunits and the flavin mod-
ule, is of yet indetermined origin (and not included in the trees). A traditional flavin module
is also present. While the global conformation of all other enzymes can be reasonably well
predicted based on the 3D-structure models shown in Fig. 1, imagining the spatial layout of
this specific enzyme appears more challenging to us. For the more abundant cases, however,
a similar cofactor arrangement as for Hnd-type enzymes is likely as already proposed by
Hille et al. (2014) [95].

The representatives making up Group Bl in Fig. 5a are found to also cluster together
in the tree of the flavin module (Fig. 5b) and more precisely in the subtree suggested to
represent ferredoxin/flavodoxin-dependent cases [24]. By contrast, members of Group B2
as defined by the tree based on the Y-junction module do not cluster in the flavin module
tree but interestingly are interspersed either within clades representing Hnd-type enzymes
or in between Hnds, [NiFe|-hydrogenases and “glutamate-synthase-insertion” (see below,
section 3.5.6) clades. Nevertheless, all these latter disperse branches (to the sole excep-
tion of Desulfobacca acetoxidans) are still part of the “upper” subtree, possibly indicating
ferredoxin/flavodoxin-dependent enzymes in line with the biochemical characterisation of
the G. acidurici enzyme [11]. This indicates that their flavin modules do not derive via
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vertical inheritance from their counterparts in the ancestral enzymes but rather from genes
transferred from diverse sources into the respective operons to replace the original flavin
modules of these ancestors.

These enzyme therefore all represent “reassembled” forms merging genuine “Y-junction-
module/formate-dehydrogenase” subunits with flavin modules from other enzyme systems
as already mentioned in section 3.5.1. All enzymes but one from both Group Bl and B2
share the trait of belonging to the putatively ferredoxin/flavodoxin-dependent [24] subtree
of Fig. 5b.

A small number of cases do not follow the gene cluster scheme for NAD(P)-dependent
formate dehydrogenases as outlined in Fig. 4. These cases are further discussed in the
Supplementary section 3.

3.5.5. NAD-dependent complex I

We again emphasise that we here deal only with a subgroup of what is frequently referred
to as complex I, 7.e. those complexes I which contain the NuoEFG module and thus certainly
redox-convert NAD during their catalytic cycle (as discussed in Suppl. section 1). More
specifically, the evolutionary conclusions we will draw below only pertain to this EFG-module
and do not inform on the evolutionary history of the remaining modules of the enzyme, that
is, the quinone-module and the actual ion-pumping subunits.

Rather than appearing as a separate family, the phylogenetic tree shown in Fig. 5a
features complex I's Y-junction module as emanating from within the B1-Group of NAD(P)-
dependent formate dehydrogenses. While the bootstrap values supporting this topology are
respectable (48%), they are certainly far from suggesting infallible reliability. However,
a range of structural features which can be deduced from the amino acid sequences of
the relevant protein subunits both of true NAD(P)-dependent formate dehydrogenase- and
complex I-gene clusters corroborate a gradual transitioning from an NAD(P)-dependent
formate dehydrogenase enzyme towards the NuoEFG module of complex I.

Members of Group B of the Fds therefore show the following features: (1) The presence
of the Mo/W-bisPterin centre which catalyses the COy/ formate redox conversion. The
distinguishing amino acid sequence motif for the presence of this cofactor is the conservation
of a specific cysteine/selenocysteine residue in addition to a conserved histidine and an
arginine which together form a catalytic triad in these enzymes [19]. (2) A Y-junction
module which contains all four iron-sulphur clusters. (3) A flavin module which possesses
the FMN binding motif as well as conserved cysteines for the two iron-sulphur centres
flanking the flavin and which is located within the subtree of Fig. 5b which putatively
corresponds to ferredoxin/flavodoxin-dependent enzymes. By contrast, none of the further
subunits characterising complex I are found in their respective gene clusters to the exception
of Pelobacter propionicus, which is discussed in the Supplementary section 3. The set of
enzymes forming early branching clusters of genuine complex I still retain all iron-sulphur
centres and the flavin but they additionally feature the complex I-specific membrane subunits
as well as the NuoB/D genes in their gene clusters.

Intriguingly, the lowest-branching complex I cluster (made up from two Geobacter se-
quences in Fig. 5a) furthermore maintains a conserved cysteine at the sequence position
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where the 5th Mo/W-ligand is found in formate dehydrogenases (all later-branching com-
plex I enzymes in our tree lack this crucial cysteine/selenocysteine residue). However, the
sequence stretch surrounding these cysteines diverges very strongly from those observed in
all NAD(P)-dependent formate dehydrogenases.

The flavin-modules of these two enzymes cluster in the ferredoxin/flavodoxin-dependent
subtree neighboring those of the B-type formate dehydrogenases. Sequence information
thus suggests the tantalising possibility that these two complex I-type enzymes may still
contain the Mo/W-bisPterin cofactor and possibly even CO,/formate redox activity as well
as involve ferredoxin/flavodoxin redox reactions in their catalytic processes. Biochemical
characterisations of these enzymes will be required to assess the validity of the respective
sequence-based functional predictions. The cluster formed by the two Geobacter sequences
in Fig. 5b furthermore encompasses a complex I-type enzyme from the Planctomycetes Kue-
nenia stuttgartensis. The bootstrap value of the node for this enzyme’s Y-junction module
(Fig. 5a) is too low to allow conclusions on positioning within the evolutionary history of
complex I.

All complex I representatives branching higher than the two Geobacter sequences in
Fig. ba feature flavin modules which are located in the lower subtree of Fig. 5b, possi-
bly indicating ferredoxin/flavodoxin-independence, as would indeed be expected based on
functional characterisations of canonical complex I enzymes. This may imply that the an-
cestor of all these higher-branching enzymes has replaced its originally ferredoxin-dependent
flavin-module by a ferredoxin-independent one, a process which likely has occurred in many
NAD(P)-dependent [FeFe]-hydrogenases and formate dehydrogenases (see section 3.5.4).

When moving up the tree towards more and more recent branchings, a progressive loss
of the iron-sulphur centres not involved in the electron transfer chain connecting the flavin
module to the quinone binding subunit is observed. Over the evolutionary journey from
its inception out of an NAD(P)-dependent formate dehydrogenase up until its form in the
mitochondrial complex I, the unit formed by the flavin module and the Y-junction mod-
ule, obviously has successively lost all the dispensable iron-sulphur centres and individual
transition states are still with us as living fossils in the species indicated on the tree of
Fig. 5a [33]. In the light of this evolutionary offloading, it is intriguing that the [2Fe-2S]
centre flanking the flavin, alias the Nla cluster, is still present even in the mitochondrial
enzyme. The example of the NAD-reducing [NiFe]-hydrogenase of H. thermoluteolus (see
section 3.4.1) demonstrates that redox conversions of NAD can be mediated by a flavin mod-
ule lacking this cluster [85]. A scenario assuming that cluster Nla may be on its way out
and disappear in the evolutionary future similar to the other out-of-line clusters, however,
seems highly questionable to us. Site-directed mutations eliminating this cluster were seen
to entail significant loss of NADH-oxidase activity in E. coli [59]. In humans, absence of the
subunit harbouring cluster Nla was observed to be associated with debilitating conditions
such as Alzheimer and Parkinson disease [99]. As outlined above, we suspect that kinetic
optimization of the 2-electron oxidation of the flavin in complex I requires the presence of
both flanking clusters.

Repercussions on the debate of complex I’s evolutionary origins
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A plethora of scenarios attempting to retrace the evolutionary whereabouts of complex I
have been proposed [100, 101, 35, 102, 5, 103, 104, 105, 106]. While they all agree that com-
plex I was assembled from a range of functional units with differing enzyme ancestors, the
specific evolutionary roots of particularly the membrane-extrinsic parts, that is, the NAD-
and the quinone-redox-converting entities, are controversial. While some models proposed
[FeFe]-hydrogenases or formate dehydrogenases as precursors of the NAD-redox convert-
ing module [106], others involve NAD-dependent [NiFe]-hydrogenases and formate hydro-
genlyase (FHL) as ancestors of both the NAD- and the quinone-binding modules [5, 107].
FHL is indeed an intriguing enzyme since it features the presence of a Mo/W-bisPterin sub-
unit together with the two [NiFe]-hydrogenase subunits known to share substantial sequence
similarity with NuoB and NuoD, the subunits involved in redox conversion of the quinone
in complex I. To top up these similarities, one or more of the proton-pumping membrane
subunits are also found to be part of FHL. However, the formate dehydrogenase subunit in
FHL is a standard Mo/W-bisPterin protein containing only the canonical adjacent [4Fe-4S]
cluster but lacking the N-terminal Y-junction module domain. The small iron-sulphur pro-
tein (HycB) of FHLs proposed as homolog of the Y-junction module clearly has a different
architecture since no significant conservation of cluster-ligating residues is observed [5]. The
flavin module is also absent in FHL. Despite the intriguing overall structural similarities
of FHL and complex I, the devil is in the above mentioned details which differ substan-
tially between these two enzymes. Claims of direct evolutionary relationships between these
two [108] may therefore have been premature.

The second oft-discussed candidate [101, 102, 104], the NAD(P)-dependent [NiFe]-hydrogenase,
by contrast, contains the Y-junction module, the flavin module and the NuoB and NuoD ho-
mologs. It misses the Mo/W-subunit and the membrane subunits together with a few further
small subunits. However, the tree of Fig. 5a suggests that the NAD(P)-dependent [NiFel-
hydrogenase is not the phylogenetically closest relative of the respective proteins in NAD-
dependent complex I. Instead, the so far only relatively scantly studied NAD(P)-dependent
formate dehydrogenase is! This enzyme family featured as the poor cousin among all the
evolutionary precursor candidates of NAD-dependent complex I until the characterisation of
the G. acidurici enzyme by the Thauer group [11] managed to appreciate the catalytic feats
performed by this enzyme. The tree of Fig. ba thus indicates that the NuoEFG module in
NAD-dependent complex I directly derives from an NAD(P)-dependent formate dehydroge-
nase. The ultimate ancestor to complex I's EFG-module may have been the putative ances-
tral ferredoxin/flavodoxin-dependent version (section 3.5.4) with a subsequent exchange of
the type of flavin-module leading to canonical reaction scheme of complex I. During the evo-
lutionary conversion from a Group B formate dehydrogenase to the NAD-redox converting
unit of complex I, the histidine cluster of the Y-junction module saw its function of either
connecting the two halves of a dimeric assembly or of mediating electron transfer to or from
a ferredoxin in putative monomeric forms of NAD(P)-dependent formate dehydrogenases
morphed into being part of the chain of redox cofactors leading “down” towards the quinone
binding site of the ancestral, NAD-independent form of complex I. The CO,/formate con-
verting function of the Mo/W-bisPterin subunit was shut down, initially via elimination of
the protein ligands to the molybdenum /tungsten and then step-by-step via the taking out of
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further iron-sulphur centres connecting the central cluster of the Y-junction module to the
Mo /W-bisPterin subunit. While our data have no bearing on the question of how EFG-less
forms of complex I may have arisen, they very strongly indicate that it was a previously
overlooked subgroup of NAD(P)-dependent formate dehydrogenases which gave birth to the
membrane-extrinsic part of the NADH-oxidising version found in many respiratory chains
and eventually in mitochondria.

Astonishingly, the three rhizobial representatives show molecular architectures that de-
viate from that of other Alphaproteobacteria since they retain both all four clusters in the
Y-junction module and the FSO cluster of the formate dehydrogenase-derived domain sim-
ilar to what is found in the much lower branching enzymes from the Aquificales. They
furthermore branch substantially earlier than Alphaproteobacteria in the complex I clade of
both the Y-junction module and the flavin module trees. It therefore seems likely that these
Rhizobia acquired their complex I via lateral gene transfer.

3.5.6. The “glutamate-synthase-insertion”-clade

In 2008, Toth et al. [20] reported the characterisation of an enzyme from the Eur-
yarchaeon Thermococcus litoralis which features puzzling similarities to Hnd-type enzymes
but which stands out by the presence of a long insertion showing substantial sequence simi-
larities to the small subunit of the enzyme glutamate synthase, within the Y-junction module
sequence. Toth et al. determined that this enzyme might represent an NAD(P)-dependent
polysulphide reductase. Sequences related to this enzyme popped up during our genome
surveys and are denoted in the trees of Fig. 5a and 5b by a beige area. They cluster
together and apart from the rest of the tree. Intriguingly, these sequences show a deep
Archaea/Bacteria split and therefore potentially diverged from the bulk of other families al-
ready in the last universal common ancestor (LUCA). Together with the NAD(P)-dependent
formate dehydrogenase enzymes, this clade therefore supports the notion that the functional
dyad constituted from the Y-junction- and the flavin-module is evolutionarily ancient and
represents a pre-LUCA entity. Enzymes belonging to the glutamate-synthase-insertion-
clade certainly are tantalising and to our mind merit further scrutiny. Most recently, a
NAD/NADP-transhydrogenase was characterised from the acetogenic Clostridium Sporo-
musa ovata which features a Y-junction module containing this glutamate-synthase-related
insertion sequence [79].
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4. Conclusions

4.1. The functional unit formed by the Y-junction-/flavin-module dyad likely pre-dates the
last universal common ancestor

As mentioned earlier, firm inferences on the evolutionary emergence of the Y-junction-
/flavin-module dyad and its earliest diversifications are hampered by low bootstrap support
for the deepest nodes of the trees in Fig. 5a and 5b. However, a few leads can be extracted
from these phylogenies. At the time of writing, neither Hnd-type nor NAD(P)-dependent
[NiFe]-hydrogenases appear to contain archaeal representatives and therefore do not qualify
as potentially present in the last universal common ancestor (LUCA). By contrast, deep
Archaea/Bacteria cleavages are observed for NAD(P)-dependent formate dehydrogenase as
well as for the “insertion-type” enzymes. The Y-junction/flavin-unit may therefore have
emerged already in the LUCA as a functional part of one of these two enzymes. Phylo-
genies of further representatives and/or of further subunits in their parent enzymes may
help to progress in our understanding of the earliest events during spawning of the super-
family of enzymes shown in Fig. 5a and 5b. For example, the NAD(P)-dependent formate
dehydrogenases are a subgroup of a much larger superfamily of formate dehydrogenases
which do not contain the dyad, such as the enzymes denoted as Fdh-H, Fdh-N, Fwd etc.
The composite phylogeny of their molybdopterin-binding catalytic subunits will provide a
means of rooting of the NAD(P)-dependent subtee and thus will help to decide whether the
NAD(P)-dependent enzymes indeed may have been present in LUCA.

4.2. Lessons to be drawn from the comparative analysis of the enzymes containing the dyad

4.2.1. The Y-junction module is a versatile 3-way redox hub with a poorly understood func-
tion

The structural peculiarity of the Y-junction module to provide electron transfer connec-
tivity between 3 distinct electron entry/exit sites on its surface is exploited by diverse en-
zymes for building a range of dissimilar architectures. Some of these enzymes appear to have
shut down one of these pathways by eliminating either the histidine- or the C-terminal iron-
sulphur cluster. Others, by contrast, seem to take advantage of the crossroad-functionality in
still poorly understood ways. For example, an inter-dimer redox-connection via the two re-
spective histidine clusters appears inevitable in the light of the oligomerization arrangement
seen in the 3D-structure of an NAD(P)-dependent formate dehydrogenase. The mechanistic
implications of such inter-dimer connections have not been explored so far. However, the
scarcity of data with respect to oligomerization properties in the vast majority of enzymes
considered in this work leaves room for speculations that in some enzymes the 3rd redox
pathway may be used to connect soluble carriers to the main electron transfer chain from
the main redox substrate to NAD(P). The precise functional role of the peculiar electron
transfer crossroad in the Y-junction module thus clearly deserves further exploration.

4.2.2. The electron bifurcating site is located within the Y-junction-/flavin-module dyad
Electron bifurcation-based reduction of low potential ferredoxins or flavodoxins was ex-
perimentally observed in NAD(P)-dependent [FeFe|-hydrogenases and NAD(P)-dependent
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formate dehydrogenases [10, 13, 12, 15, 45, 8, 11]. Complex I was shown to bifurcate elec-
trons in its corresponding functional unit (the EFG-module) albeit without relaying to low
potential soluble acceptors [58]. As we have discussed in section 3.5.3, selected NAD(P)-
dependent [NiFe]-hydrogenases also couple ferredoxin redox reactions to their canonical cat-
alytic activities, although the strength of coupling has not been explored so far. The only
element common to these 4 distinct enzyme families is the Y-junction-/flavin-module dyad.
We therefore find it ineluctable that it is this structural unit which confers the ability to
perform electron bifurcation. In none of the remaining, extremely diverse protein subunits
has electron bifurcation ever been observed. As argued in section 3.4.2, the Y-junction mod-
ule lacks the electrochemical properties conducive to electron bifurcation and we therefore
favour the flavin module as the actual electron bifurcating entity.

4.2.83. The strong conservation of the dyad between all families renders the presence of a
second flavin in Hnd-type [FeFe]-hydrogenases unlikely

The absence of a 3D-structure for Hnd-type enzymes together with conceptual difficulties
to rationalise the observed reaction patterns using only a single flavin led to the proposal
that Hnd-type enzymes actually contain two distinct flavins [36, 8], one dedicated to the
bifurcation of electrons and the second one performing the 2x1-electron-to-2-electron gating
function for NAD(P)H oxidoreduction (as for example observed for the flavin moiety located
on the small subunit of Nfn) [36, 8]. For NAD-dependent complex I, NAD(P)-dependent
formate dehydrogenase and NAD(P)-dependent [NiFe]-hydrogenase, 3D-structures are now
available [33, 109, 7, 47, 6, 110]. In all these structures only one flavin is found in a strictly
conserved location. The high similarity of the amino acid sequences in the subunits consti-
tuting the Y-junction-/flavin-module dyad between the diverse enzymes and in particular
between formate dehydrogenase and Hnd-type [FeFe]-hydrogenase families to our minds
leaves no leeway for the presence of a second flavin in the Hnd-type enzymes. The observed
mode of functioning thus must almost certainly be explained on the basis of only a single
flavin moiety. The difficulties to come up with a straightforward rationalisation using only
one flavin precisely was the reason for postulating the two-flavin models and the comparative
analysis of the diverse enzymes dealt with here unfortunately takes us back to the initial
mechanistic riddle. Novel ideas for solving this enigmatic process are thus required.

4.2.4. The electron bifurcating site occurs in a range of electrochemical layouts

As discussed in this article, various enzymes from the described superfamilies behave
in substantially different ways with respect to the electron bifurcating reaction. Some of
them strongly couple the reduction of low potential ferredoxins or flavodoxins to the elec-
tron bifurcating processes. Others, such as for example complex I, perform the electron
bifurcating reaction without involving these low potential soluble electron shuttle proteins.
When characterised, the electrochemical properties of the flavin in these latter enzymes do
not indicate strongly cooperative redox transitions as considered crucial for truly energy
conserving electron bifurcation [72, 62, 55, 56, 73, 71]. Still others even manage to interface
the 2-electron redox conversion of NAD(P) to the intramolecular 1-electron transfer chain
without bifurcating electrons as evidenced by the absence of the [2Fe-2S]-cluster next to
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the flavin. In these cases, the flavin must feature reasonably stable semireduced states as
discussed previously [62]. The ensemble of these observations suggest that the flavin moiety
in the flavin module present in the enzymes we dealt with in this article comes in electro-
chemically quite diverse forms. As suggested by simulations recently reported by Yuly et al.
(2020) [73], such variability of cooperativity will result in variable strength of coupling be-
tween the exergonic and the endergonic 1-electron transfer steps. It will be interesting to use
the above described cases to experimentally test the predictions that the ability to involve
low potential electron donors/acceptors is correlated to the degree of redox cooperativity of
the bifurcating 2-electron centre.

4.8. Perspective: towards an understanding of the structural determinants which tune the
flavin cofactor’s redox cooperativity

As discussed previously [62, 73], the precise type of redox reactions occurring within
flavin-based electron bifurcation is likely correlated to the electrochemical properties of the
flavin moiety and in particular to the strength of its redox cooperativity. These properties
are necessarily pre-set by the flavin’s immediate protein environment [111] but the type of
influence the flavin’s surroundings exerts on its electrochemical properties are only badly
understood so far. As transpires from the previous sections, the reaction schemes performed
by the flavin module vary substantially over the ensemble of enzymes discussed. So far,
only a handful of high resolution 3D structure models are available. The set of cases for
which comprehensive measurements of redox parameters of the involved cofactors and in
particular of the flavin have been reported is even smaller. However, the possibility of
confronting the close surroundings of flavins from enzymes cases with dissimilar coupling
strengths in the electron bifurcating process would go a long way towards unraveling the
molecular underpinnings of the electron bifurcating reaction. We therefore argue that the
integration of the diverse enzymes into a common scheme, as attempted by our article, may
allow valuable cross-fertilisations between so far rather distinct research communities and,
in particular, may be key to understanding of what allows a 2-electron compound to act
as an electron bifurcating agent. The development of a unified naming scheme for enzymes
and subunits thereof, possibly arrived at via a community-wide concertation as for example
achieved for arsenics-dependent molybdoenzymes [112] would certainly facilitate such cross-
fertilisations.
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Table 1: Subunit and cofactor nomenclature

Subunit and cofactor composition of the characterised protein complexes containing the Y-junction module.
Coloring scheme for each protein complex and symbols used to denote the presence of specific cofactor
binding sites same throughout the paper. Subunits in the same rows (from left to right) are homologous to
each other. Cofactor binding sites in the same row (from right to left) are homologous to each other. Bold
names are used throughout the publication to refer back to specific subunits. A more extensive nomenclatur
table specifically for [FeFe]-Hydrogenases and Formate Dehydrogenase is given in Supplementary Table 2.

n.a. - not available, i.e. cofactor not present

n.n. - no naming convention

SU - subunit

@ - Nomenclature according to Peters et al. (1998) for [FeFe|-hydrogenase (in blue) [3]
b - Nomenclature according to Sazanov and Hinchliffe (2006) for complex I (in red) [33]

¢ - Nomenclature according to Shomura et al. (2017) for bidirectional [NiFe]-hydrogenase (in cyan) [6]

4 - Nomenclature according to Radon et al. (2020) for formate dehydrogenase (in purple) [7]

Subunit

in this article

YJM-subunit

nomenclature used

N

flavin/[4Fe-4S]
subunit

Bidirectional [NiFe]-
hydrogenase®

A5

Cofactor

[2Fe-25]

A4

[4Fe-4S]

A3

[4Fe-45]

A2

[4Fe-45]

Al

[4Fe-4s]

Mo/W-pterin

subunit

C-terminal
HoxF

n.a.

[2Fe-25]

flavin

B6

[4Fe-4S]

[2Fe-2S]-binding

small subunit

HoxE or
N-terminal
HoxF

2 [4Fe-4S)

n.a.

G7

[2Fe-25]

n.a.
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Figure 1: Electron-transfer pathways through the Y-junction modules from different enzymes.
Comparison of the electron-transfer pathways in the first column (A., D., G. and J. with donor/acceptor
location not to scale) enabled by the structurally conserved Y-junction module in the second column (B., E.,
H. and K., color of Y-junction module according to the general coloring scheme for each of these four protein
complexes will be used throughout this article) from 4 bioenergetic proteins. Location of the Y-junction
module (in green) in the structural representatives of the prototypical [FeFe]-hydrogenase (C., in blue,
PDB: 6N59, Y-junction module in residue 1-209), of membrane-bound complex I (F., in red, PDB: 4HEA,
membrane in beige, Y-junction module in residue 1-239 of NuoG), bidirectional [NiFe]-hydrogenase (I., in
cyan, PDB: 5XF9, Y-junction module is hoxU) and in formate dehydrogenase (L., in purple, PDB: 6TG9,
Y-junction module in residue 1-248 of FdhA) in thellhst column (relative protein sizes not to scale). The
denomination of the iron-sulphur clusters in the first column (as in Table 1) follows Peters et al. (1998) [3] for
[FeFe]-hydrogenase in A., Sazanov and Hinchliffe (2006) [33] for complex I in D., Shomura et al. (2017) [6]
for [NiFe]-hydrogenase in G. and Radon et al. (2020) [7] for formate dehydrogenase in J. The same color
coding for each of these four protein complexes will be used throughout this article.
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Figure 2: Domain-architecture of the Y-junction module.

A. The Y-junction module is constructed of a plant-type-[2Fe-2S]-ferredoxin domain (in olive), a histidine-
[4Fe-4S]-binding domain (in mint) and a regular 2x[4Fe-4S]-ferredoxin domain (in lime) [41].

B. Nomenclature of the 4 electron-conducting iron-sulphur clusters in the Y-junction module and subsequent
representation of the genomic organisation and structural layout of this protein module as symbols and
pictograms. Numbers on the edges between the clusters show averaged edge-to-edge distances (in A) that
include the ligating residues. PDB-structure used for this module, [FeFe]-hydrogenase from C. pasteurianum
(CpI): 6N59.
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Figure 3: Structural comparison of the “flavin module” from different complexes.

Structural juxtaposition of the “flavin module” of the respiratory complex I from Thermus thermophilus
(A., PDB: 4HEA), the NAD-dependent [NiFe]-hydrogenase from Hydrogenophilus thermoluteolus (B., PDB:
5XF9) and the NAD-dependent formate dehydrogenase from Rhodobacter capsulatus (C., PDB: 6TG9).
Subunits are colored according to homology with the flavin-binding subunit in orange, the [2Fe-2S]-cluster-
containing subunit in yellow and the Y-junction module in green. Iron-sulphur clusters are brown and
yellow for iron and sulphur, respectively. Carbons in the flavin are orange. General genomic organisation
and structural layout in accordance with Fig. 4, and Fig. 5a and 5b, where the pictograms for the operon
depictions and structural arrangements are given.
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hydrogenase (in cyan) and the formate dehydrogenase (in purple). Sequence motifs for the coordination
of cofactors are depicted by colored symbols in accordance with the pictograms used in Fig. 2, Fig. 3,
Fig. ba and 5b and summarised in Tab. 1. Symbols enclosed by parenthesis indicate the presence of the
cofactor and/or binding domain of that cofactor in a majority of considered sequences. Identical colors and
underlying patterns of the sequence stretches indicate homologous regions. Y-junction module is shown
in green. Group definitions follow compositional and functional differences of proteins belonging the same
protein complex. Coloring of the iron-sulphur clusters corresponds to its location in the operon analogously
as in the Fig. 2, Fig. 3, Fig. 5a and 5b. Sequence lengths not to scale.
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Figure 5b: Neighbor-Joining Tree of the flavin module in representative sequences.

Similarity clustering of the sequences belonging to the [FeFe]-hydrogenase (in blue), complex I (in red),
[NiFe]-hydrogenase (in cyan) and formate dehydrogenase (in purple). Cofactor composition of the enzymes
are shown as pictograms as in Figure 5a. Additional specific cofactors characterising a specific group inside
each protein family can be found as small pictograms at the representive leaves of the tree. Symbols
enclosed by parentheses indicate the presence of the cofactor and/or the binding domain of that cofactor in
the majority of sequences of the respective group. The symbols used are the same throughout all figures
and tables. Grey clouds and grey-colored branches indicate bootstrap values below 50%. Species name
abbreviations are shown for selected characterised enzyme complexes. Fully annotated tree can be found in
Supplementary Figure 4b.
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Supplementary - The dyad of the Y-junction- and a flavin module
unites diverse redox enzymes

Kilian Zuchan?®, Frauke Baymann®, Carole Baffert?, Myriam Brugna®*, Wolfgang Nitschke®

®Aix Marseille Univ, CNRS, BIP, 31 Chemin Joseph Aiguier, 13402, Marseille Cedex 09, France

Supplementary Table 3 containing all sequences considered in this study are given as a
seperate file: SupplementaryTable3.ods

Section 1. Complex I, an enzyme with a somewhat ambiguous naming scheme

The name complex I historically derives from the fact that it is the first in a chain of
membrane-integral enzymes through which electrons pass in mitochondrial respiration on
their way to the terminal electron acceptor, Oy. This enzyme couples the redox conversions of
NAD"/NADH and quinone/quinol to the translocation of protons across energy converting
membranes and is frequently also referred to as “type 1 NADH dehydrogenase” or “NDH-
17 (NDH-2’s are structurally much simpler enzymes which perform the exactly same redox
conversions but without pumping protons [10]).

We contend that the term “type 1 NAD:quinone oxidoreductase” is more appropriate
since (a) the enzyme is known to operate in both directions and (b) the second redox
substrate always is a quinone [11]. By contrast, the NADT/NADH couple can be substituted
by other substrates. Several enzymes have in fact been characterised which lack the subunits
involved in the redox conversion of NAD but which retain the full remaining complement
of subunits, e.g. in cyanobacteria [12, 13]. These enzymes are sometimes also referred to
as complex I but they aren’t “NAD-dependent” but transfer electrons between other redox
compounds and the quinol/quinone couple. The terms complex I and NDH-1 therefore
cannot be used interchangeably.

Part of the evolutionary analyses detailed in the main text pertains to the evolutionary
origins of precisely that subgroup of complexes I which truly can operate with NAD™ /NADH
and, a fortiori, to the evolutionary history of the NuoEFG-module.

We therefore refer throughout this article to this subgroup as “NAD-dependent” com-
plex I to distinguish it from the wider family of proton-translocating complexes I, which may
use a range of other redox compounds instead of NAD, such as for example ferredoxins or
coenzyme Fyo0 [14, 15]. To address the different subunits of NAD-dependent complex I we
will furthermore use the older “Nuo”-nomenclature originally referring to NAD:ubiquinone
oxidoreductase. However, since complex I also functions in menaquinone species, the naming

*Corresponding author
Email address: mbrugna@imm.cnrs.fr (Myriam Brugna)

Preprint submitted to Biochimica et Biophysica Acta (BBA) - Bioenergetics February 8, 2021



of subunits introduced from the enzyme from Thermus thermophilus (Nqo) would rigorously
be the more appropriate one [16]. For readers used to these alternative nomenclatures we
compiled currently used abbreviations for concerned subunits of this and the other enzymes
discussed in this article in Table 1.

Section 2. The Histidine-[4Fe-4S] cluster - a case for structure informed align-
ments

Multiple sequence alignments can be guided by the available 3D structures depicted in
Fig. 1 and improvements in reliability of trees (as judged by their bootstrap values) are
observed upon correcting algorithm-based alignments by structure-based ones [17, 18]. An
intriguing example of deviation between these two methods is provided by the position of
the histidine residue ligating the ”histidine-[4Fe-4S]” cluster in Suppl. Fig. 3. The full con-
servation of a histidine as ligand biases algorithm-based alignment methods into aligning
all these histidines by generating indels shortly before and after the histidine residue to
compensate for the fact that in NAD-dependent [NiFe]-hydrogenases the histidine doesn’t
align straightforwardly with those of all the other enzymes. The structural alignment of
the known protein models (Suppl. Fig. 3A), however, shows that the polypeptide chains
overlap perfectly without any indels and that the histidine in the Y-junction module of
the NAD-reducing [NiFe|-hydrogenase is indeed at a sequence and structural position that
differs from that of the other cases (Fig. 3B). To still be able to serve as a ligand to the
cluster, coordination of the iron-atom is achieved by the Ns-atom of the imidazole moiety
in the NAD-dependent [NiFe]-hydrogenases rather than by the e-nitrogen in all other cases
(Fig. 3A). This particularity of the NAD-dependent [NiFe]-hydrogenase seen in the H. ther-
moluteolus structure was found to be conserved in all other members of this family detected
in genomes as described in this article. However, we also detected a few cases of enzymes
with histidines simultaneously present in both positions (e.g. the case of the complex I
enzyme in FEscherichia coli shown in Fig. 3B) suggesting a likely pathway for the evolu-
tionary transition from one position to the other. Whether the strict conservation of the
deviant histidine position in NAD-dependent [NiFe|-hydrogenases is a mere phylogenetic
trait or whether it plays a functional role (e.g. by tuning the redox midpoint potential of
the cluster) remains to be elucidated.

Section 3. Cases of NAD(P)-dependent formate dehydrogenases which appear
as structural and possibly functional outliers

A specific member of Group B2 in the NAD(P)-dependent formate dehydrogenases dis-
plays an intriguing architecture. In addition to having exchanged its proper flavin module
against one from an NAD(P)-dependent [FeFe]-hydrogenase, the gene cluster encoding a
putative NAD(P)-dependent formate dehydrogenase in Pelobacter propionicus DSM 2379
(107-Pel pr, Suppl. Fig. 4a and Fig. 4b) contains all subunits required for the assembly of
a complex I. Albeit this complex harbours a NuoD-like subunit featuring the binding motif
(CxxC-CxxC) for the [NiFe]-catalytic centre and a NuoG subunit predicted to harbour all
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four [Fe-S]-clusters in the Y-junction module, the FSO-cluster of the formate dehydrogenase
catalytic domain and a cysteine residue in the canonical position of the protein-ligand to
the molybdenum. The first few features were already noticed by Marreiros et al.(2013),
whereas the additional occurence of a COs-reducing site would allow the Y-junction module
to function as a three-way electron conduit between these different reaction sites [19]. The
assembled genome of this organism, however, features several strictly identical (with respect
to sequences of ORFs) gene clusters coding for bona fide complexes 1. Such a situation being
extremely unlikely, a further verification of the reliability of this genome sequence might be
required before firm conclusions can be drawn.

Three formate dehydrogenase sequences (to the left of Group Al in Suppl. Fig. 4a) re-
trieved in our genomic survey do not cluster with any of the above delineated Fds-groups as
mentioned in the main text (nor with any other group in Suppl. Fig. 4a and Fig. 4b). They
furthermore strongly diverge among each other with respect to their structural layout. Fu-
ture expansion of genomic databases may yield the emergence of further classes encompassing
these cases or else they may represent phylogenetic artifacts resulting from long-branch at-
traction, a common pitfall in phylogenetic analyses [20]. Excessively long branches may be
due to rapid evolution entailed by the emergence of uncommon functional roles. The enzy-
matically characterised enzyme from Clostridium autoethanogenum [6, 21] which is part of
this group, might favour the latter explanation. This enzyme actually represents a chimera
between an NAD(P)-dependent formate dehydrogenase and an NAD(P)-dependent [FeFel-
hydrogenase and probably serves as a “ferredoxin- and hydrogen-dependent COs-reductase”
as discussed by Schuchmann et al. (2018). Tts gene cluster as well as its biochemically
verified subunit composition suggests the presence of the flavin module, a Y-junction mod-
ule (again represented by a separate protein and lacking not only the histidine-cluster but
also the entire histidine-cluster subdomain) as well as formate dehydrogenase (lacking an
N-terminal Y-junction module) and [FeFe|-hydrogenase catalytic subunits (with two cubane
iron-sulphur clusters N-terminal domain to the H-domain of the hydrogenase), supplemented
by two additional tetracubane [16Fe-16S]-ferredoxin subunits [22]. Neither the formate de-
hydrogenase subunit nor the [FeFe]-hydrogenase one contain a complete Y-junction module
as N-terminal domain. A straightforward deduction of the architecture of this enzyme based
on known 3D-structures is thus not possible.



Supplementary Table 1: Sequence motifes used for the identification of cofactors in the respective
proteins.

Symbol Respective cofactor Motif
[2Fe-2S]-cluster in
[2Fe-2S] binding SU
[2Fe-2S]-cluster in
flavin/[4Fe-4S]-SU
@ YJIM [2Fe-2S]-cluster Cx{10}CxxCx{10-13}C

YJIM His-[4Fe-4S]- see Supplementary Section 2 and Fig. 1 & 3

CxxxxC-...-CxxxC

cluster
YJM Central and C-
‘ D Terminal [4Fe-4S]-
cluster

2 2X[4Fe-4S] in
flavin/[4Fe-4S]-SU

CXXCXXCXXXC-...-CXXCxxXCxxxC

[4Fe-4S]in
flavin/[4Fe-4S]-SU

flavin-binding site in

NAD(P)-binding site in
flavin/[4Fe-4S]-SU GxGxx[GA]xxx[GA]x{6}[G]

CxxCxxC-...-C

[4Fe-4S]-proximal
cluster in [NiFe] CxxC-...-C-...-C
Hydrogenases

[NiFe] catalytic cluster
in [NiFe] CxxC-...-CxxC
Hydrogenases

H-cluster
in [FeFe] C-...-C-...-CxxxC
Hydrogenases

N1/A7 [4Fe-4S]-
cluster in complex CxxCxxxC-...-C
I/Fds

‘ molybdopterin/ [CU}-...-H-...-R

tungstopterin in Fds

| A




Supplementary Table 2: Overview subunit nomenclature of [FeFe|-Hydrogenase and Formate de-

hydrogenase.

Recently used subunit nomenclature for homologous subunits in [FeFe]-Hydrogenase and formate dehydro-
genase. Additional non-homologous subunits characterising specific protein complexes not shown.

Oligo- [2Fe-2S] Flavin/ YIM H-cluster | Mo-/W-
Organism merization [Name subunit [4Fe-4S]| containing | containing |containing
state subunit | subunit subunit subunit

Desulfovibrio .
fructosovorans Tetrameric| Hnd | HndA HndC HndD HndD -
Desulfovibrio Trimeric | Hnt | HntA | HntC HntD HntD -
fructosovorans
Thermotoga . .
maritima Trimeric | Hyd | HydC HydB HydA HydA -
Acetobacterium .
woodii Tetrameric | Hyd | HydC HydB HydA HydA -
Eubacterium .
acidaminophilum Tetrameric| Hym | HymA | HymB HymC HymC .
Clostridium .
autoethanogenum Heptameric| Hyt HytC HytB HytD HytA FdhA

o . HylA, FdhF2,
Clostridium acidurici |Tetrameric| Hy! | HylC HylB FdhF2, - FdhF1

FdhF1

Cupriavidus necator | Trimeric | Fds FdsG FdsB FdsA - FdsA
Rhodobacter Tetrameric| Fds | FdsG | FdsB | FdsA : FdsA
capsulatus
Methylobacterium . .
extorquens Dimeric | Fdh | Fdh1B | Fdh1B Fdh1lA - Fdh1lA

Kpebe et al. (2018)
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Supplementary Figure 1: Structural alignment of the Y-junction module.

Structural alignment of the four structurally known template sequences of the Y-junction module were con-
structed using MAFFT-DASH by employing the iterative refinement algorithm as described in the methods
section [18]. Multiple sequence alignment initially visualized with the ESPript 3.0 Server [23]. Cofactor
annotation according to specified motifs in Supplementary Table 1. Functional cluster annotation congruent

with the pictograms used throughout the article.

Hyd th - HoxU subunit, [NiFe]-Hydrogenase of Hydrogenophilus thermoluteolus TH-1
Clo pa - N-terminal [FeFe]-Hydrogenase of Clostridium pasteurianum DSM 525

The th - N-terminal NuoG subunit, complex I of Thermus thermophilus HBS

Rho ca - N-terminal FdsA subunit, Formate dehydrogenase of Rhodobacter capsulatus YW2
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Supplementary Figure 2: Structural alignment of the flavin module.

Structural alignment of the three structurally characterised template sequences of the ”flavin module” as
shown in Figure 3 of the main text were constructed using MAFFT-DASH by employing the iterative refine-
ment algorithm as described in the methods section [18]. Multiple sequence alignment initially visualized
with the ESPript 3.0 Server [23]. Cofactor annotation according to specified motifs in Supplementary Ta-
ble 1. Functional cluster annotation congruent with the pictograms used throughout the article.

Hyd th - HoxF subunit, [NiFe]-Hydrogenase - Hydrogenophilus thermoluteolus TH-1

The th - concatenated NuoE and NuoF subunit, complex I - Thermus thermophilus HBS

Rho ca - concatenated FdsG and FdsB subunit, Formate dehydrogenase - Rhodobacter capsulatus YW2
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C: C; C3
th* GNI@CPGCEKSGDC
sp GNHVCAICVANGNC
pa* HEFKCGPCNRRENC
fr HPKDCLVCAKSGEC
th* HPLDCPTCDKGGAC
co HPHDCPVCEEGGNC
ca* HPLDCLTCAANGDC
ac HPNDCLTCKKSGEC

Supplementary Figure 3: Coordination of the Histidine-[4Fe4S]-cluster of the examined bioener-
getic proteins.

Structural (A.) and sequence (B.) comparison of the coordination of the histidine-[4Fe-4S]-cluster (iron
in brown, sulphur in yellow) from the bidirectional [NiFe]-hydrogenase (in cyan, PDB: 5XF9), [FeFe]-
hydrogenase (in blue, PDB: 6N59), complex I (in red, PDB: 4HEA) and formate dehydrogenase (in purple,
PDB: 6TG9) indicate a specific coordination through the d-nitrogen (in maroon) for the [NiFe]-hydrogenases.
All other examined bioenergetic proteins exhibit coordination through the e-nitrogen.

Asterisk (*) denotes the sequences of the structural representative:

Hyd th - Hydrogenophilus thermoluteolus TH-1

Syn sp - Synechocystis sp. PCC 6803

Clo pa - Clostridium pasteurianum DSM 525

Des fr - Desulfovibrio fructosovorans DSM 360/

The th - Thermus thermophilus HB8

Esc co - Escherichia coli strain M19

Rho ca - Rhodobacter capsulatus YW2

Got ac - Gottschalkia acidurici 9a
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Supplementary Figure 4a: Fully annotated Neighbor-Joining Tree of the Y-junction module in representative sequences.
Similarity clustering of the sequences belonging to the [FeFe]-hydrogenase (in blue), complex I (in red), [NiFe]-hydrogenase (in cyan) and
formate dehydrogenase (in purple) as in Figure 5a. Minimal subunit and cofactor composition of the proteins including the [2Fe-2S]-containing
subunit ([2Fe-2S]-SU), flavin/[4Fe4S]-binding subunit (FBSU), as well as specific subunits for all members of each protein family are shown as
pictograms in the colored square. Additional specific cofactors characterising a specific group inside each protein family can be found as small
pictograms at the representive leaves of the tree. Symbols enclosed by parentheses indicate the presence of the cofactor and/or the binding
domain of that cofactor in the majority of sequences of the respective group. The symbols used are the same throughout figures and tables.
Numbers in front of each species name refer to Supplementary Table 3, where RefSeq accessions and additional information to each sequence
are given. Grey clouds and grey-colored branches indicate bootstrap values below 50%. Additional information include:

* _ representative sequences that were used for the structural alignment

4 _ tetrameric Hnd/Fds

2 _ dimeric Hnd/Fds



Experimentally studied protein complexes as indicated in bold in Supplementary Fig. 4a

and 4b:

[NiFe]-hydrogenase (in cyan)
Cupriavidus necator H16 (4-Cup ne) [24, 25, 26]
Hydrogenophilus thermoluteolus TH-1 (6-Hyd th*) [27, 28]
Thiocapsa roseopersicina strain DSM 217 (7-Thi ro) [29]
Synechocystis sp. PCC 6803 (20-Syn sp*) [30, 31, 32]

[FeFe|-hydrogenase(in blue)
Acetobacterium woodii DSM 1030 (28-Ace wo?) [4]
Moorella thermoacetica ATCC 39073 (33-Mor th) [33]
Ruminococcus albus DSM 20455 (34-Rum al) [34]
Thermotoga maritima DSM 3109 (42-The ma) [35, 3]
Syntrophomonas wolfei subsp. wolfei str. Goettingen G311 (50-Syn wo) [36]
Desulfovibrio fructosovorans DSM3604 (60-Des fr*) [2]
Syntrophus aciditrophicus SB (151-Syn ac?) [37]

Complex I (in red)
Ovis aries (72-Ovi ar®) [38, 39]
FEscherichia coli strain M9 (76-Esc co) [40]
Thermus thermophilus DSM 579 (84-The th*) [41, 42, 16, 43, 44]
Aquifez aeolicus VF5 (91-Aqu ae) [45, 46]

Formate Dehydrogenase (in purple)
Gottschalkia acidurici 9a (106-Got ac) [7]
Methylorubrum extorquens AM1 (115-Met ex?) [47]
Rhodobacter capsulatus YW2 (123-Rho ca*?) [48, 9]
Methylosinus trichosporium OB3b (125-Met tr?) [49]
Cupriavidus necator N-1 (132-Cup ne?) [50, 51, 8]
Cupriavidus ozalaticus strain T2 (162-Cup ox*) [52]

Other proteins
Thermococcus litoralis DSM 5473 (135-The 1i) [53]
Clostridium autoethanogenum DSM 10061 (143-Clo au) [6]
Moorella thermoacetica ATCC 39073 (145-Moo th) [54]
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Supplementary Figure 4b: Fully annotated Neighbor-Joining Tree of the flavin module in repre-
sentative sequences.

Similarity clustering of the sequences belonging to the [FeFe]-hydrogenase (in blue), complex I (in red),
[NiFe]-hydrogenase (in cyan) and formate dehydrogenase (in purple) as in Figure 5b. Cofactor composition
of the enzymes are shown as pictograms as in Figure 4a. Additional specific cofactors characterising a spe-
cific group inside each protein family can be found as small pictograms at the representive leaves of the tree.
Symbols enclosed by parentheses indicate the presence of the cofactor and/or the binding domain of that
cofactor in the majority of sequences of the respective group. The symbols used are the same throughout
figures and tables. Numbers in front of each species name refer to Supplementary Table 3, where RefSeq
accessions and additional information to each sequence are given. Grey clouds and grey-colored branches
indicate bootstrap values below 50%. Additional information include:

* _ representative sequences that were used for the structural alignment
4 _ tetrameric Hnd/Fds

2 _ dimeric Hnd/Fds
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