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Life on Earth is driven by electron transfer reactions catalyzed by a
suite of enzymes that comprise the superfamily of oxidoreduc-
tases (Enzyme Classification EC1). Most modern oxidoreductases
are complex in their structure and chemistry and must have
evolved from a small set of ancient folds. Ancient oxidoreductases
from the Archean Eon between ca. 3.5 and 2.5 billion years ago
have been long extinct, making it challenging to retrace evolution
by sequence-based phylogeny or ancestral sequence reconstruc-
tion. However, three-dimensional topologies of proteins change
more slowly than sequences. Using comparative structure and
sequence profile-profile alignments, we quantify the similarity
between proximal cofactor-binding folds and show that they are
derived from a common ancestor. We discovered that two recur-
ring folds were central to the origin of metabolism: ferredoxin
and Rossmann-like folds. In turn, these two folds likely shared a
common ancestor that, through duplication, recruitment, and di-
versification, evolved to facilitate electron transfer and catalysis at
a very early stage in the origin of metabolism.
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1l life on Earth is driven by electron transfer (i.e., redox)

reactions. Indeed, biological redox reactions unify metabo-
lisms across the tree of life (1). These reactions are catalyzed by a
suite of enzymes that comprise the superfamily of oxidoreduc-
tases (Enzyme Classification EC1). However, the origin(s) and
evolution of these proteins remain enigmatic. Most modern ox-
idoreductases are complex in their structure and chemistry.
Logically, the extant oxidoreductases must have evolved from a
small set of ancient folds, which became increasingly complex via
repeated gene duplication, recruitment, and diversification
events (2-4) either from a universal common ancestor or from
several independent origins.

Ancient oxidoreductases from the Archean Eon between ca.
4.0 and 2.5 billion years ago have been long extinct. Their an-
tiquity makes it challenging to retrace evolution by sequence-
based phylogeny or ancestral sequence reconstruction. However,
three-dimensional (3D) topologies of proteins are relatively ro-
bust to variations in their amino acid sequence (5), providing an
opportunity to reconstruct the origins of oxidoreductases in
deep time. Metabolism of the last universal common ancestor
(LUCA) has been proposed to include enzymes with both tran-
sition metals and organic cofactors (6, 7). As proteins diverge
over time, the catalytic centers and metal coordination sites
evolve more slowly than the rest of the fold (8, 9), making
structural analyses of these regions particularly attractive for
reconstructing their origins.

Previously, we published a network analysis of over 30,000
metal-coordination sites in high-resolution protein structures
and discovered a small number of metal-binding modules that
were recurrent across many proteins (10). Modules that bound
transition metals often occurred in pairs or larger chains, making
paths for electron transfer through the protein matrix. Connecting
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modules that putatively function in electron-transfer couples pro-
duced a single network that comprised nearly all metal-containing
oxidoreductases. This network provided an insight into the evo-
lution of protein structures underlying redox reactions in metab-
olism across the tree of life (11). The topology of this network
strongly suggests that nearly all extant metal-binding modules
arose from a small number of early building blocks and that
functional connections between modules potentially indicate
evolutionary history. In effect, the network approach strongly
suggests that protein structural topology can be used to infer
metabolic phylogeny and, hence, potentially the origin(s) of the
engines of life.

For practical reasons, our previous analysis excluded the mi-
croenvironments of nontransition metal cofactors such as flavins
within oxidoreductases; it was unclear whether including them
would significantly influence the topology of the protein-wiring
diagram. Nontransition metal cofactor sites are included in the
current work, more than doubling the number of protein sites
considered. Furthermore, we had yet to develop phylogenetic
methods to test whether evolutionary inferences based on net-
work topology were valid.

Here, using comparative structure and sequence profile-
profile alignments, we quantify the evolutionary significance of
similarity between proximal cofactor-binding folds and generate
a more complete picture of electron transfer. While many fea-
tures of the network are unchanged relative to the previous

Significance

Life dissipates energy far from thermodynamic equilibrium via
electron transport systems that are coupled to external sources of
oxidants and reductants. Biological electron transport, in turn, is
catalyzed by a suite of enzymes that comprise the superfamily of
oxidoreductases. The origin of oxidoreductases is enigmatic. Com-
paring protein topology and the sequence of modern oxidoreduc-
tases, we deduce a putative common ancestor that may have
existed at the earliest stages of metabolism. Through duplication,
recruitment of other proteins, and diversification, this ancestral
protein may have evolved to facilitate electron transfer and redox
catalysis at a very early stage in the origin of metabolism.

Author contributions: H.R., S.P., D.H.P., V.N., and P.G.F. designed research; H.R., S.P., and
D.H.P. performed research; H.R., S.P., and D.H.P. contributed new reagents/analytic tools;
H.R., S.P,, D.H.P, V.N,, and P.G.F. analyzed data; and H.R., S.P.,, D.H.P.,, V.N,, and P.G.F.
wrote the paper.

The authors declare no competing interest.
This article is a PNAS Direct Submission.
Published under the PNAS license.

Data depositon: The scripts used to generate SpAN have been deposited in GitHub,
https://github.com/hraanan/SpAN_scripts.

"To whom correspondence may be addressed. Email: vik.nanda@rutgers.edu or falko@
marine.rutgers.edu.

This article contains supporting information online at https:/www.pnas.org/lookup/suppl/
doi:10.1073/pnas.1914982117/-/DCSupplemental.

First published March 18, 2020.

PNAS | March 31,2020 | vol. 117 | no.13 | 7193-7199

[=]
=
<
n
I
@
S
-
=
=
o

>
o
=]
=
=
=
-
<
=
]
=
<
=
>
™
=
o
[v]


http://orcid.org/0000-0003-2786-8347
http://crossmark.crossref.org/dialog/?doi=10.1073/pnas.1914982117&domain=pdf
https://www.pnas.org/site/aboutpnas/licenses.xhtml
https://github.com/hraanan/SpAN_scripts
mailto:vik.nanda@rutgers.edu
mailto:falko@marine.rutgers.edu
mailto:falko@marine.rutgers.edu
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914982117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1914982117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.1914982117

metal-only version, the addition of organic cofactors shows a
transition from reducing modules at the center of the network to
oxidizing modules at the periphery, strongly suggesting that the
metabolic network across the tree of life has coevolved through
Earth’s history with the changing redox conditions of the planet
(12). At the center of the network are two recurring folds central
to the origin of metabolism: ferredoxin (Fd) and Rossmann-like
(flavodoxin) folds. In turn, these two folds potentially shared a
common ancestor that, through duplication, recruitment, and
diversification, evolved to facilitate electron transfer and catal-
ysis at a very early stage in the origin of metabolism.

Results and Discussion

Identifying Oxidoreductase Modules. To identify the building blocks
of oxidoreductases, we applied a comparative structural alignment
approach described previously (10) to a larger dataset of proteins
encompassing both metal-containing and organic redox cofactors.
Briefly, we isolated local cofactor-binding protein motifs (micro-
environments) from deposited high-resolution structures from the
Protein Data Bank (PDB) at http://wwpdb.org (13). Using the
cofactor as a fiducial marker, we defined a spherical microenvi-
ronment within a 15-A radius from the metal center (8) (SI Ap-
pendix, Fig. S1 and Dataset S1). For those cofactors without a
transition metal, the center was chosen based on the geometric
center of mass of the redox-active component of the prosthetic
group. A simpler metric for comparative structural alignments
was used relative to the previous work. Here, pairs of micro-
environments were aligned and clustered based on a backbone
structural 51m11ar1ty of <0.1 A rmsd per residue and the overlap
of cofactors in the alignment. Each cluster of microenviron-
ments, referred to as a “module,” represent a putative ancestral
cofactor-binding fold.

The modified threshold for similarity and the addition of
nonmetal cofactor-containing microenvironments to the analysis
did not greatly redistribute the classification of structures into
modules and instead resulted in more modules overall. Most
modules contained either transition-metal or organic cofactors;
only two, type 7 and type 105, included both cofactors. In many
of the nucleoside-based cofactors, such as NAD(P) and FAD,
the binding site was distinct and notably more conserved than the
electron transfer site of the cofactor (SI Appendix, Fig. S2). Thus,
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we first analyzed both sites separately and subsequently merged
the resulting clusters. The nucleoside-base module (type 7 or
Rm) contained the most microenvironments: Rossmann-like
folds (Rm) consist of alternating beta (p) strands and alpha (o)
helices wherein the p-strands form a parallel p-sheet (14).

Constructing the Electron Transfer Network. In the next step, a net-
work of electron transfer pathways was constructed by connecting
modules based on their spatial proximity using the same ap-
proach as previously applied to metal-only cofactor sites (10).
Proximity in the Spatial-Adjacency Network (SpAN) (Fig. 1) was
defined as a cofactor edge-to-edge distance of <14 A (10), a dis-
tance that permits electron transfer on biologically relevant
timescales (15). The addition of organic cofactor modules did not
significantly alter the topology of the metal-only SpAN, but rather
added additional connections to subgraphs consisting largely of
the new organic cofactor modules. One notable difference was the
rubredoxin module, which previously bridged the iron-symmerythrin
and iron-sulfur modules. With the revised similarity threshold, this
group split into the monovalent iron-containing rubredoxins and
Reiske FeS-containing rubredoxin modules (modules 100 and
538, respectively). However, connectivity in the SpAN was largely
preserved with both modules connected to symmerythrin and
through the Rm module to ferredoxin. Type 538 connected with
multiple FeS modules.

Evolutionary Inference from the SpAN. Signatures of metabolic
pathway evolution found in the earlier SpAN of metalloproteins
were also present in the current network containing both metal
and organic cofactors. For example, self-connecting loops were
likely a result of tandem module duplications resulting in an
extended electron transport chain. Moreover, modules with
similar cofactors colocalized in a connected subgraph within the
SpAN. These features suggest a model of duplication and di-
versification in the evolution of oxidoreductases (10). Evident in
the current SpAN were clear vectoral paths for electron transfer
from lower potential ferredoxins and flavodoxins at the center to
higher potential cytochromes and copper and iron enzymes at
the periphery. This observation is consistent with a model of
metabolic network evolution that parallels transitions from a
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SpAN of the EC.1 proteins showing putative electron transfer paths in proteins. Nodes correspond to distinct modules based on structural similarity of

microenvironments while the lines connecting nodes (or edges) represent adjacency in the protein. Node size corresponds to the number of electron-transfer—
competent connections to other modules. Edge thickness reflects the number of connections in the dataset. Node color represents cofactor type. Examples of
protein structures of key modules in the SpAN are shown with the cofactor microenvironment circled. See Dataset S2 for module composition of the SpAN.

Rm, module 7; Fd, module 85.
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mildly reducing to a more oxidizing planetary environment over
geologic time (12, 16).

To test the evolutionary significance of connections within
the SpAN, we analyzed sequence profile-profile alignments of
modules (17). Profiles represent the weighted frequency of
amino acids at each position rather than the sequences them-
selves and allow for more sensitive detection of distantly related
proteins (17). Analysis of profile alignments of adjacent modules
(i.e., one “hop” on the SpAN) was complicated by the physical
overlap resulting from 15-A radius microenvironments separated
by an electron transfer cofactor cutoff of 14 A or less. Thus,
while single-hop profile alignment scores were very high (S
Appendix, Fig. S34), we focused the analysis on only profile-
profile alignments that were two hops or more on the SpAN.
The closer the two modules were, the more likely they were to
have a significant profile alignment (Fig. 24). In the stringent
case of modules separated by two or three hops, a statistically
significant increase in profile similarity was observed (SI Ap-
pendix, Fig. S3B). For example, the structural alignment of mi-
croenvironments from modules type 136 and type 882 separated
by two hops shows weak structural homology other than the first-
shell ligands (Fig. 2B). In contrast, a profile alignment of the
same two domains shows notable similarity beyond the first shell
(Fig. 2C). Connections on the SpAN can be inferred as evidence
of diversification of ancestral folds upon duplication, where se-
quence and structural similarity are no longer evident.

Two Ancient Modules. The SpAN exhibits many features consis-
tent with that of a scale-free network, a signature of natural
networks where the distribution of the degree (i.e., number of
connections) of nodes follows a power law (SI Appendix, Fig. S4).
The structure of a scale-free network is driven by two behaviors.
The first is a growing network (18), where the highest-degree
nodes are among the earliest members. From these early pro-
teins, the SpAN grew in size and complexity with the evolution of
novel metabolisms taking advantage of evolving electron sources
and sinks in the geosphere. The second feature is preferential
attachment (18); nodes have unequal probabilities to form new
connections. Hubs in metabolic networks such as the SpAN are
proposed to be older (19, 20). Furthermore, highly connected
protein-cofactor modules are particularly useful for electron
transfer and thus recur in multiple oxidoreductases.
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The two modules with the highest node degree were the fol-
lowing: type 85, the bacterial Fd, which coordinates iron-sulfur
cofactors, and type 7, the Rm, containing mostly flavins, Co-A,
NAD(P), and related cofactors. Both folds are ancient and
thought to have been present in LUCA (14, 21, 22). The age of
folds can be constrained by combining functional annotations of
oxidoreductases with the emergence of metabolic pathways
inferred from the geologic record (21) (SI Appendix, Fig. S5A4).
Fd and other iron-sulfur modules as well as Rm modules are
replete in oxidoreductases that make up the earliest posited
metabolic pathways (23) including acetogenesis (e.g., the Wood—
Ljundhal pathway) and methanogenesis (SI Appendix, Fig. S5B).

If Rm and Fd folds are ancient, they should be replete in early
metabolic pathways. An examination of key oxidoreductases in
acetogenesis revealed that enzymes in nearly every step were
composed of these modules (Fig. 3). Furthermore, key enzymes
in this pathway were composed of (B/a)s-barrels, which have
been proposed to share ancestry with Rm-related folds (24).
Ancient microorganisms which inhabited the anoxic Archean
oceans likely used H; as their electron source and reduced CO,
by the Wood-Ljundhal pathway, the most ancient extant CO,
fixation pathway (25-27). Anaerobic acetogens and metha-
nogens that obtained carbon sources by autotrophically reducing
CO,, via the electrons acquired from H; are proposed to be living
examples of the earliest forms of life (6, 26). For example, these
organisms reduce NAD(P)+ using the electrons that are
extracted from H, by a soluble ferredoxin (7). The NADH is
then used to reduce CO; to formic acid in first step in the Wood-
Ljungdhal pathway (28). The modules comprising the central
enzymes of this pathway would have emerged early in Earth’s
history, consistent with the placement of their microenviron-
ments near the center of the SpAN.

Divergence of Fd and Rm. Although no detectable sequence profile
similarity was observed across Fd and Rm modules, connectiv-
ity between the two modules on SpAN suggested potential com-
mon ancestry. A total of 59 connections were observed from 18
proteins, including enzymes from putative ancient metabolic
pathways. Examples included adenylsulfate reductases from dis-
similatory sulfate-reducing metabolisms of the hyperthermophiles
Archeaoglobus fulgidis and Desulfovibrio gigas. Archeaoglobus
members are found in deep-sea hydrothermal vents and other
high-temperature environments (29). Connections were also
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(A) Pairwise module profile alignment E-values grouped by shortest distance in the SpAN. HemeC-binding module groups 136 and 882 alignment

E-value of 5.7E-4. Seven percent of all profile alignments, and 13% of two-hop alignments have a —log E > 1. (B) Structural superposition of cofactor
microenvironments from group 136 Desulfovibrio cytochrome C3 (1GYO [cofactor shown: HEC 113E]) and group 882 cell-surface cytochrome MtrF from
Shewanella (3PMQ [cofactor shown: HEC 670B]) show modest structural overlap beyond the central cofactor and first shell ligands. (C) Profiles of the two
groups aligned by HHBIits (17) show profile similarity beyond the first shell ligands. Red boxes highlight regions of the alignment with HHBIits confidence
scores of >2, and blue boxes highlight regions where the confidence score is <2 (see SI Appendix, Fig. S8, for more information).
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Fig. 3.

Structurally determined oxidoreductases in the Wood-Ljundhal carbon-fixation pathway from CO, to pyruvate performed by early acetogens (26).

Modules within these proteins are colored as follows: blue, Rm folds; yellow, Fd folds; and pink, p/a barrels. Gray domains designate other modules or
unassigned structural motifs. Where possible, the locations of cofactors are included in the structure seen as spheres for metals or as green sticks for organic
cofactors. Light blue arrows indicate substrate-product transformations catalyzed by each enzyme. Numbers designate each of the reactions and the
structures of enzymes catalyzing these reactions are the following: reaction 1—NADPH formate dehydrogenase (PDB ID codes 1FDO.A and 4YRY.B); reaction
2—10-formyl-H4 folate synthetase (PDB ID code 4I0J); reaction 3—bifunctional protein FolD including methylene tetrahydrofolate dehydrogenase and
methenyl tetrahydrofolate cyclohydrolase (PDB ID 5A50); reaction 4—5,10-methylene-H4 folate reductase (PDB ID code 3APT); reaction 5—corrinoid iron-
sulfur protein (CFeSP) (PDB ID code 4DJD); reaction 6—pyruvate synthase (PDB ID code 6CIN); and reaction 7—CO dehydrogenase/acetyl-CoA synthase (PDB ID
code 3101). The enzymes shown in groups 4 and 7 utilize the electrons from a soluble ferredoxin, which is not in the experimental structure and is illustrated

using the bacterial ferredoxin structure PDB ID code 1FDN.

observed in NADH-dependent ferredoxin oxidoreductases in
Pyrococcus furiosus, which plays a central role in maintaining
redox balance within the cell (30). This enzyme utilizes flavin-
based electron bifurcation, which has been proposed as an
energetic strategy utilized by early oxidoreductases (27).

Beyond proximity in electron transfer pathways, the two mod-
ules show synteny of secondary structural elements (a-helices and
p-strands) (Fig. 4). Both contain repeats of a f-a-p motif with a
ligand-binding loop between the first f-strand and the a-helix that
coordinates either an FeS center or nucleoside phosphate moiety.
In phosphate-binding sites, these features are referred to as P
loops or Walker motifs (31, 32), whereas, for FeS-binding sites,
they are a variation of Cys-x-x-Cys motifs (33). Both loops adopt
unusual combinations of a-left/a-right structures, forming what
Watson and Milner-White refer to as “cationic nests” (34), where
backbone amides coordinate and stabilize bound anions and, for
FeS sites, support redox reversibility (35-38).

There are other modules that share aspects of structure and/or
chemistry with Rm and Fd. Several modules have Rossmann-like
topologies but coordinate iron-sulfur clusters instead of organic
cofactors. One such module (type 1526), found in nickel-containing
hydrogenases in extant Archaea, bridges Fd and nucleoside-binding
Rm modules in the SpAN. This module might be a contempo-
rary descendant of an ancestral molecule that diverged, giving
rise to Fd and Rm oxidoreductases. The Rm fold also shares
ancestry with another enzyme fold class, the (p/a)s barrel (24),
suggesting that a common ancestor roots a significant fraction of
modern proteins.

7196 | www.pnas.org/cgi/doi/10.1073/pnas.1914982117

The duplication of an ancestral p-a-f fold in Fd is plausible
(39, 40), and recent demonstrations of symmetric Fd designs that
function in vivo support this hypothesis (41); however, the path
between Fd and Rm folds is less obvious. The synteny of sec-
ondary structural elements between Fd and Rm modules is not
matched by homology at the tertiary structure level—hence the
division into separate modules. Supposing that the two modules
diverged from a common ancestor, then an early insertion/
deletion (indel) event could have produced the additional a-helix
in the Rm fold (green helix in Fig. 4 A and B). Such an indel
would require reorganization of the antiparallel p-sheet in Fd
folds to the parallel one characteristic of Rm and related folds,
which is a significant change in the fold topology. While most
indels in proteins are very small, comprising a few amino acids in
surface-facing loops (42), much larger structural arrangements
are occasionally observed, with sequence and structural similar-
ity manifesting at a local rather than global fold scale (43, 44).
Models for larger structural rearrangements often describe a
process of structural drift through multiple intermediates (45). In
the best understood examples of fold changes, intermediates are
anchored by a stable hydrophobic core that remains largely con-
stant across the transition pathway. In the case of smaller folds
with a modest hydrophobic core, a bound FeS or nucleoside phos-
phate could impose structural specificity, facilitating structural drift
between Fd and Rm folds. The original Rm and Fd molecules and
any putative intermediates, if they existed, are now extinct, but their
traces may be inferred from the SpAN.

Raanan et al.
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(A) Portion of SpAN with ferredoxin module (Fd), Rossmann-like module (Rm), and module 1526 (similar to Rm fold with an 4Fe4S bound). Examples

of structures shown are the following: ferredoxin—PDB ID code 1FDN; heterodisulfide reductase (group 1526) —PDB ID code 50DC; ferredoxin/NADPH
oxidoreductase—PDB ID code 2VNH. (B) Secondary structure synteny of the primordial f-a-p duplication between Fd and the Rm modules (N-terminal p-o-
element in blue and C-terminal element in red; colors match those shown in A). One a-helix (green) differentiates the two folds. Loops that either bind iron-
sulfur or nucleoside-based cofactors are shown between the first p-strand and a-helix. FeS cofactors are shown as yellow/orange circles and NAD(P)H as gray
diamonds with purple/green circles. (C) Deduced primordial p-a-p peptide capable of binding either cofactor may have been a common precursor to both Fd

and Rm modules.

Supposing the existence of a primordial peptide oxidoreduc-
tase ancestral to both the Fd and Rm, its topology may have been
that of a half-ferredoxin, namely a $-a-p fold, with a cationic nest
at the N-terminal end of the central a-helix (Fig. 4C). Synthetic
miniproteins with a parallel p-hairpin and a central helix have
been designed using disulfide bridges to produce highly stable
molecules (46). While solvent-exposed parallel p-sheets are sta-
tistically rare in natural proteins, this may be due to the abun-
dance of larger p—a folds such as the Rm and (p—a)s barrels.
Smaller proteins such as Ig binder G(f1) contain exposed par-
allel p-hairpins that are tolerant to mutations (47). Even simpler
B-(P-loop)-o designs that bind nucleic acids developed by
Romero Romero and colleagues (48) suggest a possible Rm-
derived ancestor.

Conclusions

The electronic circuits that sustain life on this planet are expressed
in the SpAN as a metabolic network expanding over geologic
timescales from adaptations to increasing potentials across
cathodes and anodes in the geosphere (11, 12, 49). At the SpAN
center are simple protein folds that coordinate iron-sulfur clus-
ters and flavins, matching the reducing potential of early earth.
Through duplication, diversification, and recruitment, the SpAN
expanded its repertoire of electron transport chains toward more
oxidizing domains. Tracing this network to its root suggests that
oxidoreductases may have arisen from two simple protein folds
that in turn shared an ancestral p-a-p redox cofactor-binding
peptide.

There are important caveats to be considered. The first is a
lack of quantitative measures of parsimony for phylogenetic

Raanan et al.

models inferred from structural distances. Evolutionary infer-
ences of homology over analogy based on topology must be
considered with caution (50, 51). Combining structure with se-
quence or network-based analyses can be used to constrain
evolutionary models (16, 24, 52). In this work, these issues are
mitigated by the use of cofactor placement to filter structure
alignments (8, 9) and the use of profile alignments of modules in
the SpAN to examine how adjacency in electron transfer path-
ways supports homology. The second caveat is the challenge
associated with using phylogenetic models to explain the growth
of biological networks as multiple network dynamics models can
lead to the same outcome (53). In this case, associating centrality
and age of ferredoxin and Rossmann-like folds with phylogenetic
age is supported by our understanding of redox evolution of the
geosphere and the corresponding expansion of metabolic net-
works (12, 49).

Nevertheless, in the realm of deep-time evolutionary infer-
ence, we are necessarily limited to deducing what could have
happened, rather than proving what did happen. As such, the
next step will be to design and study plausible primordial pep-
tides for redox activity. Engineered minimal forms of ferredoxin
and Rossmann-like folds are currently being pursued (37, 41, 48,
54), testing the plausibility that modern complex metabolism had
its origins in a few ancient peptide oxidoreductases.

Methods

Compiling Organic and Inorganic Microenvironments. Three-dimensional structures
of natural proteins from the PDB (as of August 2018) that contained tran-
sition metals cofactors (Fe, Cu, Mn, Ni, Mo, Co, V, and W) or electron-
transfer-related organic cofactors were used as the database for this
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work. We extracted a sphere (microenvironment) of the residues within a
15-A geometric center of each cofactor (8). While metal-containing cofactors
consisted of only a few metal atoms, the organic cofactors varied consid-
erably in length and shape. Therefore, in cases of a large organic cofactor,
we focused only on the 15-A sphere around the active moiety of the co-
factors, where the electron transfer is most likely centered. The new data-
base, which was composed of both metal and organic cofactors, included a
total of 74,340 microenvironments and included the ~30-K microenviron-
ments from the previous study (10). The list of included organic cofactors
used for this database was taken from The CoFactor database (55). Dataset
S3 presents a full list of the cofactors that we considered, as well as the
atoms we used to calculate the center and the cofactor-cofactor distance.
Many of the organic cofactors were nucleoside-based cofactors (e.g., FAD,
NAD, CoA). In addition to their electron transfer activity, these cofactors are
known for the unique conserved protein fold which binds the nucleoside
base (21, 56, 57). To allow for detection of the nucleoside-base-binding site,
we generated a separate microenvironment around the center of the nu-
cleoside base (SI Appendix, Fig. S2A). These microenvironments clustered
together due to the conserved binding site of the nucleotide base despite
having a more variable electron-transfer-site microenvironment. We did not
include chlorophyll microenvironments in this work, as chlorophyll tends to
form a dense bundle of porphyrin with very little protein structure. These
microenvironments were not suitable for this protein-structure-centric ap-
proach and will be considered in future work.

Clustering Similar Microenvironments. The microenvironments were clustered
into various groups based on their structural similarity. All collected micro-
environments of the same cofactor were individually subjected to a com-
parative pairwise alignment using the "align” package in the PyMOL
Molecular Graphics System (Version 1.8, Schrodinger). In addition, a nonre-
dundant list of all collected microenvironments [<90% sequence similarity
(58)] were subjected to the same comparative pairwise alignment. Poor
alignments (i.e., <25 amino acids, >4 A rmsd) were not included. Aligned
microenvironments from the nonredundant dataset that met a threshold of
0.1 A rmsd per alignment length and had the cofactors’ center distance <2 A
apart were grouped into a cluster (S/ Appendix, Fig. S6). In addition, if the
cofactor contained a nucleoside base, the nucleoside-base microenviron-
ment was combined with the active-site microenvironment, resulting in a
merged microenvironment. This was done so that every cofactor, despite
size, was analyzed in the context of both electron transfer and binding. The
resulting modules varied in size and sequence diversity (S/ Appendix, Fig. S7).

Generating SpAN. The SpAN was generated using previously published
methods (10). Briefly, a network was constructed by treating each module (a
cluster of microenvironments) as a node, where nodes were connected by
edges if at least one microenvironment from each module was located in the
same protein structure and cofactors were in electron-transfer distance
range (i.e., <14 A). Maximal electron-transfer distance was determined by
the observed maximum possible distance for electron tunneling in natural
proteins (15). In cases of two similar cofactors, we used a minimum distance
of 4.5 A in order to ignore self-connections in multi-ion microenvironments.
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The total number of edges connecting the same modules were used as
the weight of the edge. This produced a total of 15,688 pairs of microen-
vironments, which were used to construct a SpAN containing 1,850 con-
nected components. We focus our discussion on the giant component of this
network which represents the electron-transfer network of oxidoreductases
(SPAN). We calculate functional diversity of each node using the same
method as previously described (10). The scripts used to generate SpAN have
been deposited in https://github.com/hraanan/SpAN_scripts (59).

Sequence Profile-Profile Alignment. The residues that fell into each micro-
environment were individually extracted. It is important to note that these
include fragments of positions in the sequence that falls into the 15-A sphere.
In many cases, interstitial sequences outside the designated sphere were
large enough to incorporate much, if not all of, the adjacent microenvi-
ronments, confounding profile definitions. In addition, large indels also in-
creased the level of nonspecific alignments in profile generation. Hence, to
identify motifs that were associated with a given metal or cofactor, we
considered the collection of fragments within a microenvironment as con-
tinuous elements. Identical sequences were removed from the module when
creating profiles. The extracted sequences from each microenvironment in
each cluster were individually aligned using Clustal Omega (60). The aligned
sequences for each cluster were used to generate a sequence profile using
the HHblits package (17). Following the generation of profiles for each
cluster, the sequences were subjected to profile-profile alignment using the
HHblits package.

Analysis of profile-profile alignments of adjacent modules on the SpAN
was complicated by the physical overlap resulting from a 15-A radius mi-
croenvironment separation and an electron-transfer-cofactor separation
cutoff of 14 A or less. Thus, we considered only profile-profile alignments
that were two hops or more from each other on the SpAN. The average and
SE of the profile-profile alignments score for each hop were calculated.

Three-Dimensional Structures of the Wood-Ljungdhal Pathway. We used the
enzymes of the Wood-Ljungdhal pathway in the acetogen Moorella thermo-
acetica as described by Fuchs (26). For enzymes where an experimentally
determined structure had not been deposited in the PDB, we used the
protein sequence to search for the best existing 3D template structure and
generated a homology model using the homology modeling tool SWISS-
MODEL (61, 62). SI Appendix, Table S1, summarizes the sequence similarity
and coverage of each structural model to the original sequence.

Data Availability Statement. Key data files are included as supplemental
material and code has been uploaded to https:/github.com/hraanan/SpAN_
scripts.
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