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The evolution of oxygen-utilizing enzymes
suggests early biosphere oxygenation

Jagoda Jabtoriska® and Dan S. Tawfik® >

Production of molecular oxygen was a turning point in the Earth's history. The geological record indicates the Great Oxidation
Event, which marked a permanent transition to an oxidizing atmosphere around 2.4 Ga. However, the degree to which oxy-
gen was available to life before oxygenation of the atmosphere remains unknown. Here, phylogenetic analysis of all known
oxygen-utilizing and -producing enzymes (0,-enzymes) indicates that oxygen became widely available to living organisms well
before the Great Oxidation Event. About 60% of the O,-enzyme families whose birth can be dated appear to have emerged at
the separation of terrestrial and marine bacteria (22 families, compared to two families assigned to the last universal common
ancestor). This node, dubbed the last universal oxygen ancestor, coincides with a burst of emergence of both oxygenases and

other oxidoreductases, thus suggesting a wider availability of oxygen around 3.1Ga.

quences for the geochemistry and biology of our planet.

Molecular oxygen (oxygen hereafter) was introduced by
life, primarily by oxygenic photosynthesis, and gradually accumu-
lated to its current level. Its availability promoted innovation at all
levels, including the emergence of ~700new enzymatic reactions’.
However, at which stage oxygen began to dominate the biosphere
remains unclear.

Growing evidence indicates that oxygenic photosynthesis
evolved well before geochemical markers unambiguously indicated
O, accumulation, namely before the Great Oxidation Event (GOE)
that occurred around 2.4 Ga; the interpretation of these records is,
however, still debated*. It has accordingly been suggested that it
took hundreds of millions of years for oxygen to saturate the geo-
chemical buffers and to start accumulating®. What remains unclear
therefore is the history of O, between the advent of life and the GOE.
The available geochemical data led to three alternative hypotheses,
all finding both enthusiasts and adversaries. Here we examine these
three hypotheses in light of the evolutionary history of enzymes that
produce or utilize oxygen (O,-enzymes), with the notion that O,
must be present for the emergence of an O,-utilizing enzyme.

According to the first hypothesis, oxygen was initially produced
by a few photosynthetic organisms and became widely available to
life only after its accumulation in the atmosphere—that is, across
the GOE interval. By this hypothesis, the majority of O,-enzymes
would have emerged during or after the GOE.

The second hypothesis posits that, although biogenic oxygen was
insufficient to trigger the geological and geochemical proxies whose
signals appear at or near the GOE, oxygen was nonetheless available
in the biosphere, either locally or transiently. The former regards
oxygen oases, niches occupied by both primary producers (by oxy-
genic photosynthesis) and consumers®. The latter, dubbed oxygen
whiffs, relates to periods during which oxygen production by oce-
anic photosynthesizers was sufficiently high to allow its accumula-
tion in the proximity of their habitat™®. If either of these scenarios
is valid, we would expect to see multiple O,-enzyme emergences
before the GOE; foremost, the emergence of O,-enzymes should
coincide with the emergence of oxidative photosynthesis rather
than with the GOE.

Oxygenation of the atmosphere had tremendous conse-

Finally, in a third scenario, regardless of the environment, oxygen
was present in living cells from the dawn of life. Indeed, O,-enzymes
can be identified in strict anaerobes’'?. Abiotically produced reac-
tive oxygen species (ROS) such as hydrogen peroxide (H,O,) also
could have been the primordial source of molecular oxygen', and
enzymes capable of producing oxygen from such molecules, such
as catalase or chlorite lyase, were previously assigned to the last
universal common ancestor (LUCA)'*". If oxygen was always avail-
able to organisms and at levels sufficient to trigger the emergence of
enzymes that utilize it, one would expect to see a notable presence of
O,-enzymes in LUCA and gradual expansion of such enzymes from
LUCA thereafter, at a regular pace, as with any other enzyme class.

Given these conflicting hypotheses, we aim to promote under-
standing of the evolution of O,-enzymes, and specifically to
date their emergence. In doing so, we provide new insight, inde-
pendent of the geological record, in support of early, pre-GOE,
oxygen-dependent metabolism.

Results

Identifying the emergence of O,-enzyme families. Our analysis
workflow is summarized in Fig. la. In the first instance, search-
ing through all metabolic reactions in the Kyoto Encyclopedia of
Genes and Genomes (KEGG) database'® we identified all known
O,-enzyme families, defined as enzymes that either utilize or pro-
duce oxygen. For every such reaction, we extracted the enzyme(s)
known to catalyse it, identified its catalytic domain and classi-
fied these catalytic domains into 134 protein families (using Pfam
classifications; Methods). In most families (81/134), because
oxygen-utilizing or -producing activity is assigned to nearly all
family members, we could safely assign members of this family
as O,-enzymes (Supplementary Table 1). In these cases we could
also assume that the family ancestor was indeed an O,-utilizing
or -producing enzyme (O, as the founding function was further
validated by examining the Pfam Clans; see below). However, in
53 families the O, function is sporadic with no consistent sequence
signature distinguishing family members that are O,-enzymes
from those that are not. In fact, in most of these ‘niche’ fami-
lies the ancestral function appears unrelated to oxygen. Thus,
the emergence of such a family does not necessarily indicate O,
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Fig. 1| Dating the emergence of O,-enzymes. a, Dating began with the identification of O,-enzymes that have known sequences (yellow), followed by

mapping of their catalytic domains into families (Pfam families, blue). Next, families that include non-0,-enzymes were excluded (light grey). The remaining
81families were subjected to phylogenetic assignment of emergence in four stages: (1) preliminary mapping of the node of emergence based on presence
and absence along the prokaryote tree of life (b); (2) generation of the protein tree and its comparison to the species tree as demonstrated in ¢; (3) filtering
out of paralogues; and (4) validation of the tree topology with an alternative tree-building programme (PhyML). The O,-enzyme families that passed these
four steps were assigned, according to their node of emergence, to either LUCA, LUOA or later than LUOA (Late). Those that failed any one of these steps
were left as Unassigned. b, Schematic representation of the prokaryote species tree taken from the Time Tree of Life’°. The last universal common ancestor
(LUCA) comprises the root of the tree, with the first split leading to either the last universal bacterial ancestor (LUBA) or to Archaea. The next node, LUOA,
corresponds to the separation of terrestrial and marine bacteria. Enzyme families dated to LUOA have, in principle, members in all phyla that diverged from
it (blue and brown lines) yet are absent in archaea and the three bacterial phyla that diverged before LUOA (grey lines). ¢, Representative protein tree for

a LUOA-assigned enzyme, cysteine dioxygenase (PF05995). The collapsed clades represent those of related sequences, the majority—or all—of which
belong to the designated phylum (Methods). Dashed lines represent phyla whose reference genomes have no members of this family. The protein tree
largely follows the species tree, but with several inconsistencies arising from horizontal gene transfer—for example, acidobacterial cysteine dioxygenases
that cluster with actinobacterial ones, or halobacteria, an archaeal species that acquired its cysteine dioxygenases from bacteria.

availability. Unfortunately, some niche families include enzymes
that serve as primary indicators for oxygen utilization, including
haem-copper oxygen reductases (HCOs, PF00115). However, the
phylogenetic separation of HCOs from nitric oxide reductases that
are non-O, enzymes is unclear'’, and we also found their protein
and species trees to be inconsistent. Other niche families could
serve as proxies for the emergence of biogenic oxygen, foremost
the L and M proteins of PhotosystemII; however, members of
this family are often found in phototrophic organisms that do not
perform oxygenic photosynthesis'®. Thus, despite their potential
insight, we excluded these families to ensure rigorous assignment
(Supplementary Table 2).
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Mapping across the prokaryote Tree of Life. Next, we attempted
to date the emergence of the 81 families where oxygen utilization or
production appears to be the founding, ancestral function (Fig. 1a,
steps in green rectangles; the 81 families and their dating details are
featured in Supplementary Table 1). To this end, we searched 738 pro-
teomes representing all prokaryotic taxonomic groups for members
of these 81 families. We thus mapped the presence of these families
across the prokaryote Tree of Life, a distilled version of which is given
in Fig. 1b. Seventy-one out of 81 families are consistently present in
species that diverged before the GOE (Table 1, step 1). About half
are consistently present in both bacteria and archaea and could, in
principle, have emerged in LUCA (n=35). Nevertheless, an equally
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Table 1| Emergence of O,-enzymes along evolutionary time

Assignment (1) (2) Protein/ (3) (4) PhyML
Presence/ speciestree  Paralogues tree
absence (n) comparison  and Pfam topology

(n) Clan (n)
assignment
(n)

LUCA 35 3 2 2

LUOA 36 28 23 22

Late 10 12 12 12

Unassigned O 38 44 45

large number of families (n=36) mapped to the node relating to the
major split between terrestrial and marine bacteria’ and, according
to TimeTree”, date to around 3.1 Ga (+0.15Gyr; dating is further
discussed below). Archaea do not possess these enzymes, nor are
they present in the earliest-diverging bacterial clades—the hyper-
thermophilic Aquificae, Thermatogae and the obligately anaerobic
Fusobacteria'®?' (Fig. 1b). We dubbed this node the Last Universal
Oxygen Ancestor (LUOA). The remaining families, denoted as Late
(n=10; Table 1), either show late emergence (post-GOE, including
eukaryotic and viral origin) or are clade specific, such as ammonia
monooxygenase, that is present only in ammonia-oxidizing bacte-
rial taxa. Table 1 shows a summary of the results of the four-stage
assignment, indicating the number of O,-enzyme families whose
emergence was assigned to LUCA, LUOA and Late.

Protein trees and the identification of emergence at LUOA.
The presence/absence of a protein across the Tree of Life is insuf-
ficient to assign its evolutionary history. Proteins are subject to
non-vertical evolutionary events such as horizontal gene transfer
(HGT), as well as gene losses. The latter would result in more recent
assignment compared to the actual emergence and thus, if anything,
to underestimation of pre-GOE emergence. HGT, on the other
hand, could result in incorrect assignment to an earlier node. To
account for HGT, we compared protein family trees to the prokary-
ote Tree of Life (the species tree; Fig. 1a, step 2). Sequences belong-
ing to the 81 O,-enzymes families were extracted from 352 reference
proteomes (a subset of the proteomes used for mapping of pres-
ence/absence) and aligned, and protein trees were inferred using
FastTree. The protein trees were rooted and reconciled to maximize
matching with the species tree while maintaining statistical confi-
dence”. Next, the protein and species trees were compared. HGT
is extensive in prokaryotes, and no single protein gives a tree that
fully matches the species tree****. We thus focused on the splits that
underlie LUCA (the split between bacteria and archaea) and LUOA
(the split between marine and terrestrial bacteria) while ignoring
discrepancies in relatively recent lineages (a representative tree is
shown in Fig. Ic; all trees are shown in Supplementary Fig. 1). In
agreement with the extensive HGT between archaea and bacte-
ria seen in previous analyses’*, species—protein tree comparison
resulted in validation of only three out of the 35families initially
assigned to LUCA. In contrast, 28 LUOA families were confirmed
(Table 1, step 2).

Further validation steps. Two additional steps were taken to sup-
port the assignment (steps 3 and 4, Fig. 1a). First, we inspected par-
alogues to exclude cases where an early duplication biased the tree
topology toward a marine-terrestrial split (or bacterial-archaeal in
the case of LUCA). To this end, we identified paralogues that may
have diverged close to the root (Supplementary Table 3). Twelve
families were identified where a relatively large number of phyla
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contained early-diverging paralogues. For these, trees were rebuilt
based on alignments from which these paralogues were removed, as
exemplified in Fig. 2. These trees were largely congruent with those
containing all sequences: namely, the first bifurcation corresponded
to either the marine-terrestrial split (for LUOA, 25 out of 28 fami-
lies confirmed) or archaeal-bacterial split (3/3 LUCA families con-
firmed; Table 1 and Supplementary Fig. 2).

Related to the paralogue issue is the fact that Pfam families do
not necessarily relate to independent evolutionary emergences. The
latter are assigned with higher confidence at the higher hierarchi-
cal level, Clans, that typically combine several paralogous fami-
lies. We thus ensured that not only the family, but also the Pfam
Clan to which it belongs, relates to an O,-enzyme (Supplementary
Table 1 and Methods; where this was not the case, we applied addi-
tional searches and excluded families to which non-O, enzyme
sequences could infiltrate). This step of filtering further discarded
one LUCA and two LUOA families. The latter two belong to the
Cupin and Rossmann Clans that include non-O,-enzyme families
members of which could infiltrate as O,-enzymes. Similarly, pro-
tein trees of LigB that was previously assigned to LUCA? indicated
archaeal-bacterial as the first split, also after exclusion of paralogues
(Supplementary Fig. 2, PF02900). However, the Pfam Clan includes
a large family (Memo) whose function is unknown and in-depth
study of this Clan suggested that LigB diverged well after LUCA,
possibly with the appearance of oxygen?.

Finally, to validate the protein tree topologies, we examined fam-
ilies that were assigned as either LUCA or LUOA by the previous
steps with an alternative method for building phylogenetic trees,
PhyML? (Fig. 2c and Supplementary Fig. 2).

A burst of emergence of O,-enzymes and oxidoreductases. The
above-described process resulted in 22families of O,-enzymes
assigned to LUOA and two families to LUCA. Twelve families were
now assigned as Late, while the remaining 45 families could not be
reliably dated (Table 1, step 4, Unassigned). Thus, according to our
dating, the number of O,-utilizing enzymes has expanded ~12-fold
from LUCA to LUOA (from 2 to 24, cumulatively). Furthermore, no
emergences of O,-enzymes were detected at either the last universal
archaeal ancestor or the bacterial one (LUBA). It appears, therefore,
that a burst of emergence of O,-enzymes occurred around 3.1 Ga at
separation of the ancestral marine and terrestrial bacterial clades.

However, new enzymes have emerged throughout evolutionary
time and all enzyme types have expanded during this period (LUCA
to LUOA). Did the expansion of O,-utilizing enzymes exceed that
of all other enzyme types, thereby indicating an extraordinary
event? To address this question, we identified all Pfam families in
the set of proteomes analysed, mapped them to key early nodes and
assigned their enzyme classification (EC numbers; Supplementary
Table 4). This analysis indicated an expansion twice as large in oxi-
doreductases between LUBA (the last universal bacterial ancestor)
and LUOA compared to all other enzyme classes (Table 2). Notably,
LUBA shows roughly the same expansion rate compared to LUCA
for all six classes, including oxidoreductases. This unusual expan-
sion of oxidoreductases in general, and specifically of O,-utilizing
enzymes, suggests a dramatic environmental change around the
period of LUOA.

Discussion

In summary, our results indicate that the majority of O,-enzyme
families (24/36), the emergence of which could be reliably dated,
emerged well before the GOE (Table 1). Even if families that
could not be reliably dated (unassigned families) were assigned as
post-GOE, about one-third of O,-enzyme families (24/81) would
still relate to the pre-GOE period. The key observation is a burst
of emergence of O,-enzymes around 3.1 Ga. As discussed below,
this burst predates the GOE by around 0.5 Gyr and largely coincides
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Fig. 2 | An example of the LUOA filtering process for family PFO8007, Cupin_4. a, In families whose protein trees were consistent with the species tree
(Fig. 1c), all paralogues were identified and early-diverging examples were marked on the protein tree generated in step 2 (the tree of all identified family
members). b, Step 3: paralogues that span across, or are close to, the LUOA node of interest were removed (coloured dots), the remaining sequences were
realigned and the tree was rebuilt (Methods). ¢, Step 4: the tree was rebuilt from an alignment generated after removal of paralogues using PhyML rather
than FastTree, which was used in steps 2 and 3. Steps 3 and 4 are shown in Fig. 1a. The topology of all three trees is identical with respect to the earliest node
corresponding to the split between terrestrial and marine bacteria, thus allowing the emergence of this family to be assigned to LUOA (trees for all other

assigned families are provided in Supplementary Fig. 2).

with the emergence of oxygenic photosynthesis™ (dating error
margins are discussed in Supplementary File). However, what we
designate as the node of emergence, namely LUOA, probably rep-
resents not a single organism, or species, but rather an ensemble of
organisms living at that time. Among these were oxygen producers,
by oxygenic photosynthesis and possibly by other means, as well
as users whose presence is indicated by the emergency of multiple
O,-utilizing enzymes and numerous other oxidoreductases. Indeed,
the early Tree of Life for prokaryotes might be conceived as a web of
life rather than a set of discretely defined species®.

The LUOA O,-enzymes. A wide range of enzymes that utilize oxy-
gen appear to have emerged in LUOA, foremost being those involved
in the degradation of fatty acids, sterols and, especially, of aromatic
amino acids. The reactivity of oxygen is the key to breaking down
the highly stable carbon-carbon bonds of these compounds. It has
also been suggested that the appearance of oxygen triggered the sys-
tematic incorporation of aromatic amino acids into proteins®’, pos-
sibly as a means of protecting them from ROS*. The LUOA origin
of enzymes that degrade aromatic amino acids, and also of degra-
dation pathways, as discussed below, supports the hypothesis that
aromatic amino acids, and tryptophan in particular, were the latest
addition to the genetic code®, possibly post LUCA*. Also notable
in this context are two lysine-degrading enzyme families, because
lysine is also considered to have emerged late. While the function
of the LUOA enzymes seems to have some common denomina-
tor, their active site chemistries are diverse, including both haem
and non-haem enzymes, with the latter including iron, copper and
nickel enzymes (Supplementary Table 1).

Oxygen availability is reflected not only through individual
O,-enzymes but also by the emergence of oxygen-dependent meta-
bolic pathways'. Indeed, following examination of all metabolic
pathways containing two or more O,-enzymes belonging to any of
the 81 families analysed, we identified 21 pathways with at least one
LUOA enzyme (Supplementary Table 5). As expected, we identi-
fied tryptophan, phenylalanine and tyrosine degradation path-
ways with at least one oxygen-dependent step being catalysed by
a LUOA enzyme, thus advocating for LUOA emergence of these
pathways. Furthermore, while the LUOA O,-enzymes are detected
individually in our set of prokaryotic genomes (that is, one family
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representative per genome), in organisms that diverged later (meta-
zoan or even Mammalia) they appear as multiple paralogues that
catalyse as many as three steps in the same pathway. Thus, over
time, the ancestral LUOA enzymes gave rise to multiple families via
gene duplications.

Finally, O,-enzymes emerging before the GOE probably had to
operate at low oxygen levels. While the K, values (the Michaelis con-
stant, a proxy of enzyme affinity for O,) at the time of emergence are
unknown, multiple evidences indicate that O,-enzymes can operate
at very low oxygen concentrations. For example, O,-enzymes that
mediate steroid biosynthesis operate at nanomolar dissolved oxygen
concentrations indicating that these enzymes could have emerged
before the GOE®. Furthermore, O,-enzymes are far more abundant
in anaerobes than expected, including in strict anaerobes; some of
these enzymes are involved in detoxification of ROS, but most are
O,-utilizing enzymes, including enzymes likely to be essential such
as pyridoxal 5-phosphate synthase’. Finally, the BRENDA data-
base, which lists all known kinetic parameters, indicates a median
K, value for oxygen of ~54uM, about one-fifth of the saturating
aqueous oxygen concentration below the present atmospheric level,
and values of 2.5 uM or lower (<1% of the saturating concentration)
have also been recorded (Supplementary Fig. 3).

The origins of biogenic oxygen. LUCA is widely deemed a strict
anaerobe. A recent assignment of the LUCA protein families under
this assumption indicated, as expected, only a few O,-enzyme fami-
lies®. Our analysis, which was not biased against aerobes as such,
also yielded only two LUCA O,-enzyme families. Both the previ-
ous assignments and ours are in agreement with the abundance
of anaerobes in archaea and in early-diverging bacterial species.
However, the assigned families differ because, in general, cur-
rent LUCA assignments vary widely. Indeed, many LUCA assign-
ments have been questioned” and, accordingly, families previously
assigned to LUCA were annotated by us as "Unassigned” due to
inconsistencies between species and protein trees and/or to infiltra-
tion of non-0O,-enzyme sequences (for example, LigB that was previ-
ously annotated as LUCA™). Nonetheless, the two families assigned
here to LUCA were previously noted as such'***. Iron-manganese
superoxide dismutase is an ROS detoxifying enzyme that produces
oxygen. This enzyme is highly abundant in anaerobes, as are other
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Table 2 | The preferential expansion of oxidoreductases at LUOA

EC class(es) EC name LUCA LUBA LUOA LUBA/LUCA LUOA/LUBA
1-6 All classes 172 219 437 1.27 1.99

2 Transferases 66 85 138 1.29 1.62

3 Hydrolases 36 51 121 1.42 2.37

4 Lyases 18 19 35 1.06 1.84

5 Isomerases 16 19 34 119 1.8

6 Ligases 32 37 46 116 1.24

Average of classes 2-6 - - - - 1.22 (£0.14) 1.77 (£0.4)

1 Oxidoreductases 24 32 109 133 341

The number of Pfam enzymes families assigned to LUCA, LUBA and LUOA, categorized by their enzyme classes. The data provided are cumulative: namely, the families in LUBA include those in LUCA and

those in LUOA include those in both LUBA and LUCA.

ROS-neutralizing enzymes that produce O,, such as catalases and
peroxidases’ (many of which are assigned to LUCA by the prelimi-
nary criteria of presence/absence; Supplementary Table 1). The sec-
ond LUCA-assigned enzyme is cytochromebd oxidase. Although
usually associated with the respiratory chain, it is widely present in
anaerobes, probably as protection against oxidative stress'***’. The
identification of these two enzymes therefore supports the notion of
intracellular oxygen production in LUCA.

Early oxygen availability is also indicated by the phylogenetic
dating of oxygenic photosynthesis, the key source of molecular oxy-
gen on Earth. Molecular clock studies yielded age estimates for the
origin of cyanobacteria, the earliest photosynthesizers, that span
widely from 3.5 to ~2 Ga (refs. *'*). Specifically, a relaxed molecu-
lar clock of the Typell reaction centre proteins dates the last com-
mon ancestor of the oxygenic system at 3.1 Ga (ref. *) (discussed
further in the Supplementary File). We undertook an alternative
approach to dating enzymes that utilize/produce oxygen and there-
fore indicate oxygen availability. Furthermore, we did not focus on
cyanobacteria but instead examined the prokaryote species tree
in its entirety. Nonetheless, our study also indicates that oxygen
became available to biology around 3.1 Ga.

We note, however, that like the geochemical evidence discussed
below, molecular data—including ours—are heavily dependent on
the sequence datasets used, the assumptions made regarding the
Tree of Life and the specific model calibrations*.

Can geochemical and phylogenetic indications be reconciled?
Geochemical estimates regarding the timing of biological oxygen
production vary, although it is generally accepted that oxygenation
of the atmosphere occurred between 2.5 and 2.3 Ga (refs. “~*). Our
phylogenetic analysis consistently shows a burst of emergence of
O,-enzymes at around 3.1 Ga (+0.1Gyr), long before the atmo-
spheric rise in oxygen, as calibrated by the plausible separation of
the major marine and terrestrial bacterial phyla’. However, our
dating is not necessarily contradictory to geochemical observations
from rock records. For instance, a recent study interpreted uranium
isotope signatures as evidence for biological oxygen production
at around 3 Ga (ref. *). Similar inferences have been drawn using
molybdenum, chromium and iron isotopes present in palaeosols
formed >2.95Ga (refs. =°"), although the interpretation of such
records continues to be debated™. Nonetheless, at present, given
multiple independent indications, both geochemical®* and phylo-
genetic, it seems highly likely that oxygen was available to life at a
relatively early stage, at least 0.5 Gyr before the GOE.

Methods

Identification of O,-enzyme families. Our analysis workflow is summarized

in Fig. 1a. To identify all known O,-enzyme families, we searched the KEGG
database'® for all reactions involving dioxygen as either substrate (in nearly all
cases) or product (for example, catalase). We also identified enzymes with H,O, as

446

a substrate (peroxidases), since this is a product of an oxygen-based metabolism.
For every such reaction, we extracted the enzyme(s) known to catalyse them.
Opverall, we identified 730 enzymes, mostly belonging to two classes: dioxygenases
(EC 1.13.-.-) and monooxygenases (1.14.-.-). We assigned the Pfam family
corresponding to the enzyme’s catalytic domain (as opposed to other auxiliary
domains that do not relate to O,) by comparing structures and identifying

the domain present in all related enzymes. For EC classes where multiple
non-redundant structures were not available, we ran HMMsearch* on ExPASy
Enzyme sequences™ against the Pfam HMM database with a Pfam-gathering
threshold, and identified the catalytic domain by virtue of it being shared by all
related enzymes. Finally, we cross-validated the EC-to-Pfam mappings using
ECDomainMiner®. Overall, we mapped 565/730 of the O,-enzymes to 134 Pfam
families (a given EC number—that is, enzyme class—may be catalysed by multiple
families and, conversely, a given Pfam family may include dozens of EC numbers;
Supplementary Tables 1 and 2). The remaining 165 enzymes were either not
represented by a sequence in the ExPASy Enzyme database or a reliable assignment
of their catalytic domain was not feasible.

Identification of niche versus founding functionalities. In most families,
oxygen-utilizing or -producing activity is assigned to nearly all family members.
We could thus safely assign members of this family as O,-enzymes, and also
assume that the family ancestor was indeed a utilizer or producer of O, (O,
founding function). However, in some families, non-O, enzyme functions

are dominant; in this case, family members that are O,-enzymes cannot be
distinguished from those that are not. Primarily, the emergence of such a family
does not indicate O, availability. We therefore identified the non-O,-associated
EC classes included in the mapped Pfam families using the ECDomainMiner
database™. Following manual inspection of the EC classes in each family, we
classified 81 Pfam families with O, founding function and 53 where oxygen
activity is a niche function (Supplementary Tables 1 and 2, respectively). A typical
example is shown by families comprising enzymes that perform the same or similar
reactions with alternative electron acceptors—principally dehydrogenases that use
NAD(P)* that are in the same Pfam family as oxidases that use O, (ref. ")—for
example, vanillyl alcohol oxidase and 4-methylphenol dehydrogenase that share
high sequence identity (>30%)". Since the vast majority of family members are
NAD(P) dependent, the ancestor was probably a dehydrogenase rather than an
0,-dependent enzyme. Accordingly, O, niche families were excluded from our
analysis.

Presence/absence across the prokaryote Tree of Life. In the first instance, the
presence/absence of members of the founding O,-enzyme families was mapped
onto the prokaryote Tree of Life. Of the currently available 6,800 reference
prokaryotic proteomes in UniProt, 738 representative species spanning all
taxonomic prokaryote families in the TimeTree database were selected”
(Supplementary Table 6). Using the hidden Markov models (HMM) sequence
profiles provided by Pfam, homologues of all founding families were identified
using hmmsearch with the Pfam-defined gathering e-value threshold across all
selected species. A list of phyla encoding enzymes from all founding families can
be found in Supplementary Table 1.

Phylogenetic trees. The comparison of protein and species trees demands manual
curation. We therefore selected a subset of 352 reference proteomes representing
all taxonomic orders (a subset of the proteomes used for mapping presence/
absence across the prokaryote Tree of Life). For each founding O,-enzyme Pfam
family, the sequences obtained from HMM searches on this subset of proteomes
were aligned using Mafft software with the -linsi option*. The alignments were
trimmed using trimaAl* (with -gappyout option) to remove positions where

gaps dominate. For each alignment, the phylogenetic tree was constructed using
FastTree® (with -pseudo -spr 4 -mlacc 2 -slownni parameters and the Jones—Taylor-
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Thornton (JTT) evolutionary model). The trees were reconciled, and also with the
TimeTree-derived species tree topology, using the treefix-DTL algorithm* that
minimizes the effects of gene duplications, transfers and losses. Next, the trees
were rooted using the most optimal root as selected by the MAD programme** and
compared to the species tree (Fig. 1a, step 2). To this end, clades were consolidated
and their dominating phylum was assigned. Consolidation was performed by
systematically examining the average distance to leaves, consolidating all clades
where this distance was shorter than the average length across all tree edges. The
phylum whose sequences constituted the majority (>50%) of the given clade was
assigned as the representative of the collapsed clade; in the absence of a clear
majority, collapsed clades were assigned as ‘mixed’ (a representative collapsed tree
is shown in Fig. 1b, and all trees are provided in Supplementary Fig. 1).

For putative LUCA and LUOA families, we also inspected the paralogous
sequences (step 3). For every such family, we identified all homologous
sequences encoded in the same genome and annotated them as paralogous. We
then determined the average number of paralogues per phylum. To identify
early-diverging paralogues, the average pair-wise sequence identity between
paralogues was compared to the average identity between sequences belonging to
marine and terrestrial clades (for LUOA families) and between the archaeal and
bacterial clades (for LUCA families; Supplementary Table 3). If paralogue identity
was in the same range or lower than that between terrestrial and marine sequences
(LUOA), or bacterial and archaeal sequences (LUCA), the paralogues were
annotated as early diverging (that is, if paralogues were as diverged as the earliest
split). Additionally, the fractions of phyla and species affected by the presence
of paralogues were calculated. Subsequently, for LUOA families where >30% of
phyla contained an extensive number of paralogues we removed all early-diverging
paralogues, revised the phylogenetic trees and compared them to the tree of all
sequences (Supplementary Fig. 2).

In yet another filtering step, Pfam Clans were assigned to each Pfam
family. All LUCA and LUOA families were then analysed to examine whether
they belong to a Pfam Clan dominated by oxygen-dependent enzymes. For
those families where the Pfam Clan is predominantly represented by non-O,
families, the HMM profiles of all Clan members were retrieved and used
as queries for hmmsearch on the database of 352 reference proteomes with
the Pfam family-specific gathering e-value threshold. Next, the e-values of
sequences assigned to both O, and non-O, Pfam families were compared, and
the lower value was used to assign sequence identity as either O,-enzyme or
non-0O,-enzyme. LUCA and LUOA families with >10% of overlapping sequence
assignments were classified as Unassigned, because non-O,-enzyme sequences
could have been misassigned as O,-enzymes.

Finally, in step 4 of the analysis, we built alternative trees for all putative
LUCA and LUOA families using PhyML (with default parameters and the JTT
evolutionary model). These trees were reconciled and rooted as described above.

LUCA assignment. A family was considered LUCA if its representatives could

be identified in >50% of bacterial (nine phyla) and >50% of archaeal phyla (four
phyla), and the protein tree indicated that the oldest split corresponded to the
divergence of bacteria and archaea. We further considered a minimum number

of bacteria—archaea splits, and relatively large intra-/interdomain distances

(Dyyg)s as criteria for LUCA origin® (Supplementary Table 7). Although none

of these individual criteria was sufficient to confirm or rule out LUCA origin,

in combination they allowed three families to be assigned as such with relative
confidence (with one family, LigB, ultimately discarded due to the Clan containing
anon-0,-enzyme family).

Analysis of metabolic pathways. We searched the metabolic pathways listed in the
MetaCyc database to identify those containing O,-enzymes that belong to any of
the 81 dated families. We identified 312 such pathways and assigned the nodes of
emergence for their O,-enzymes. Of these, 21 contain at least one LUOA enzyme
(Supplementary Table 5).

Enzymatic expansion analysis. Using the subset of 352 reference proteomes,
we identified all Pfam families present in each proteome using HMMsearch

and the set of HMM profiles from the Pfam database (v.32.0) with the
Pfam-defined gathering threshold. Next, we assigned Pfam families to LUCA,
LUBA or LUOA using the following criteria. LUCA: Pfam families present in
>90% of bacterial and >90% of archaeal phyla; LUBA: families not present in
archaea but present across >90% of bacterial phyla; LUOA: families present in
both the earliest-diverging terrestrial and marine bacterial clades but present
neither in archaea nor the outgroup bacterial clades (Aquificae, Thermotogae,
Fusobacteria). Next, for every Pfam, we identified all associated EC classes using
ECDomainMiner®. For Pfam families including multiple enzymatic activities,
we chose the most common (based on the first EC digit). If two or more EC
classes were equally common within a Pfam family, we retained all of them. The
list of LUCA, LUBA and LUOA Pfam families with assigned EC classes can be
found in Supplementary Table 4.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Sequence alignments and phylogenetic trees analysed in this study can be found

at https://figshare.com/projects/The_evolution_of_oxygen-utilizing_enzymes_
suggests_early_biosphere_oxygenation/93818. All other data generated or analysed
during this study are included in the published article (and its Supplementary File).
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