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Evolution creates functional diversity of proteins, the essential building
blocks of all biological systems. However, studies of natural proteins

sampled across the tree of life and evaluated in a single experimental system
are lacking. Almost half of enzymes require metals, and metalloproteins
tend to optimally utilize the physicochemical properties of a specific metal
co-factor. Life must adapt to changes in metal bioavailability, including
those during the transition from anoxic to oxic Earth or pathogens’
exposure to nutritional immunity. These changes can challenge the ability
of metalloenzymes to maintain activity, presumptively driving their
evolution. Here we studied metal-preference evolution within the natural
diversity of the iron/manganese superoxide dismutase (SodFM) family

of reactive oxygen species scavengers. We identified and experimentally
verified residues with conserved roles in determining metal preference
that, when combined with an understanding of the protein’s evolutionary
history, improved prediction of metal utilization across the five SodFM
subfamilies defined herein. By combining phylogenetics, biochemistry

and structural biology, we demonstrate that SodFM metal utilization
canbeevolutionarily fine tuned by sliding along a scale between perfect
manganese and iron specificities. Over the history of life, SodFM metal
preference has been modulated multiple independent times within different
evolutionary and ecological contexts, and can be changed within short
evolutionary timeframes.

Change in the functions and properties of proteins is afundamental
processintheevolution of life’. So far, most functional studies of natural
protein evolution have focused on changes in substrate specificity*
or mechanism?, and were mostly performed on a narrow phyloge-
netic sampling. Unlike changes in protein function, metal-preference
evolution can reflect adaptations to changes within an existing or
new niche (for example, metal availability) but with retention of the
ancestral function (for example, superoxide dismutation). Many
metalloenzymes are highly metal specific*’, especially those that

use their co-factor to catalyse redox transformations, and loading of
metalloproteins with suboptimal metals decreases their activity and
fitness of their host organism® %, Mis-metalation is a major mecha-
nismin metal toxicity’, neurological disorders’ and nutritionalimmu-
nity®, and is a promising tool in combating pathogenic microbes™.
As itis possible to experimentally evaluate environmental, cellular
and protein-bound metal abundance, metal co-factor utilization
provides an important and tractable system for studying natural
protein evolution.
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Evidence shows that metal specificities within protein families
have frequently changed during their evolutionary history". These
changes have been important in the evolution of commensals into
pathogens as they adapt to metal restriction in the host'>*, and in the
adaptation of organisms to changes in terrestrial conditions such as
altered elemental bioavailability* induced by oxygenation of the
atmosphere and oceans by the emergence of photosynthesis. In con-
trast to metal-specific proteins, metal-interchangeable (cambialistic)
proteins can function using alternative metals™'°. Only a few metallo-
enzymes have beenrigorously demonstrated to be cambialisticinvivo,
including some iron (Fe)- or manganese (Mn)-dependent superoxide
dismutases (SODs; SodFMs)'¢; metalloenzymes that play animportant
rolein cellular reactive oxygen species defence”.

Inthis Article, we sought toinvestigate the mechanisms and extent
of metal-preference evolution across the tree of life in a widely distrib-
uted and highly conserved metalloenzyme family. To study this pro-
cess, we leveraged the existence of naturally Fe-specific, Mn-specific
and flexible Fe/Mn-cambialistic SodFM homologues, which differen-
tially utilize these metals to catalyse the detoxification of superoxide.

SodFM metal preference is not phylogenetically
constrained

Bioinformatic analyses of 3,058 genomes sampled across the tree of
life (146 eukaryotic, 2,613 bacterial and 281 archaeal genomes) showed
thatSodFMs are the most widely distributed and most highly conserved
of the canonical superoxide detoxification enzymes (Extended Data
Fig.1a,b). Phylogenetics (Extended Data Fig. 2b,d), sequence (Extended
Data Fig. 3a) and structural comparisons (Extended Data Fig. 2a,c,e)
enabled us to subdivide the SodFM protein family into five main sub-
families: SodFM1-5 (Fig. 1a-cand Extended Data Fig. 2). Members of the
two main subfamilies, SodFM1and SodFM2, are commonly annotated
in databases as being either Mn or Fe specific, respectively*. To test this,
we heterologously expressed 64 representative SodFMs (Extended
DataFig.4) sampled from across their protein family tree (Fig.2a) and
characterized their activity with Feand Mn. This revealed that neither
subfamily was homogeneous for metal utilization (Fig. 2a) and should
no longer be referred to as Fe or Mn specific on the basis of homology
searches alone. Therobustness of the SodFM1and SodFM2 groupings
(Extended Data Fig. 3), and their wide distribution across the tree of
life (Fig. 1a), is consistent with the hypothesis that the split between
the SodFM1 and SodFM2 subfamilies is ancient'. On the basis of the
distribution of the different metal preferences across their protein
trees, ancestral sequence reconstruction (Fig. 2a) and estimations of
ancestral metal utilization (Extended Data Fig. 2f,g), it seems that the
ancientlastcommon ancestors (LCAs) of SodFM1s and SodFM2s were
probably Mn and Fe specific, respectively, but these ancestral states
were later changed multiple independent times throughout the SodFM
family’s evolution (Fig. 2a).

Uncovering untapped evolutionary diversity

of SodFMs

We also identified three further subfamilies of distinct SodFMs,
SodFM3-5 (Extended Data Fig. 2). SodFM3s and SodFM4s seem to be
restricted mostly to prokaryotes as none were identified in our sam-
pling of eukaryotes (Fig. 1b). SodFM4s are the most divergent of all
SodFMs (Fig. 1b,c and Extended Data Fig. 2b) but are largely unchar-
acterized, with only asingle available crystal structure (Extended Data
Fig. 2a). Like the SodFM1s and SodFM2s, metal preference is not con-
served across the SodFM3 and SodFM4 subfamilies (Fig. 2a). One of the
key structural distinctions between these subfamilies is that SodFM1/2s
are homodimericand SodFM3/4s are homotetrameric (Extended Data
Fig.2a). The subfamily of SodFM5s provides aninteresting intermedi-
ate group of tetrameric enzymes (Extended Data Fig. 2a) with some
sequence features, including the frequency of X, , residue (second
residue towards the N-terminus from Asp metal ligand), more akin

to those of dimeric SodFM1s (Figs. 1c and 2b). SodFMS5s form a sister
group to SodFM3s in phylogenetic trees (Extended Data Fig. 2b,e)
and structural comparisons (Extended Data Fig. 2c,d), and consist
mostly of eukaryotic mitochondrial SodFMs (for example, human
mitochondrial Mn-SOD) and a few bacterial sequences including that of
Parachlamydia acanthamoebae (Fig. 2a). Grouping of the highly dis-
tinct mitochondrial SODs with sequences from Chlamydia could rep-
resent functional convergence, eukaryote to prokaryote lateral gene
transfer (LGT) or be evidence of ancient LGT between the bacterial
ancestor of mitochondria and that of Chlamydia.

SodFM metal preference is continuous rather
thandiscrete

Within subfamilies SodFM1, SodFM2 and SodFM4, we identified exam-
ples of cambialistic enzymes'>'®, and four subfamilies (SodFM1-4) had
members that exhibited multiple different metal utilization prefer-
ences (Fig. 2a). We thus leveraged our large set of natural enzymes
sampled from across the tree of life (Fig. 2a) to investigate if metal
preferenceisadiscrete three-state property (Fe, Mn or cambialistic),
orrather forms arange of values between perfect Fe and Mn specifici-
ties. Although the term ‘metal-specificity’ is commonly used in refer-
encetothe disproportional activity of aSOD enzyme with Fe and Mn,
the cambialistic SODs are inherently non-specific for either metal as
they can use both®. Across the tested SodFMs, metal preferences,
represented by approximate cambialism ratios (aCR, equal to the
Fe-dependentactivity divided by the Mn-dependent activity), formed
arange of values (Fig. 2a-c) between higher Fe preference (aCR >2)
and higher Mn preference (aCR <0.5), with perfect cambialism at the
midpoint (aCR of 1), indicating that metal preference is best thought
of asacontinuum. We propose the term ‘metal preference’ instead of
‘metal specificity’ to better reflect the observation that most SodFMs
arenot completely metal specific. Note that the terms metal preference
and metal specificity reflect the relative activity levels with alternative
metal co-factors, and should not be confused with metal selectivity
(metal-binding preference), which refers to differences in the affin-

ity of metal binding®.

Secondary sphereis key to SodFM
metal-preference evolution

To test if aCR values matched with the identity of previously identi-
fied residues spatially located within the metal’s secondary coordina-
tionsphere, Xp, (refs. 13,21,22) and Heerm/Qcerm/ Queerm >~ (Fig. 1¢), we
analysed the distribution of aCRs with respect to the residue found
at these positions across SodFMs found in nature (Fig. 2). Higher Fe
preference was usually associated with the presence of two alternative
water-coordinating residues, Heim (69% FeSODs, 9/13 enzymes) or
Qneerm (72% FeSODs, 18/25 enzymes), whereas the enzymes contain-
ing Qcerm Were mostly Mn preferring (78% MnSODs, 21/27 enzymes).
At the position Xp,, the two smallest amino acids, glycine (G,.,) or
alanine (Ap,) (Fig. 2b), were frequently found in SodFMs with higher
Mn preference (Fig. 2c). More cambialistic outliers included the
Bacteroides fragilis (aCR 0.98) and Coprobacter fastidiosus (aCR
0.99) SodFM2s, which seem to have evolved higher Mn activity from
their most likely Fe-preferring ancestor. This confirmed that the
presence of G, and Ay, within the context of otherwise predomi-
nantly Fe-preferring SodFMs can indicate potential evolutionary
metal-preference modulation events. In contrast, either threonine
(Tp.,) or valine (Vy,) at this site (Fig. 2b) were usually found in SodFMs
with higher Fe preference (Fig. 2c). The only two non-Fe-preferring
outliers were two Bacteroidales SodFM1s from Anaerophaga
thermohalophila (T, aCR 0.87) and BacteroidetesRBG_13 43 22(T,.,;
aCR 0.46). However, these two SodFM1s have probably evolved from
highly Mn-preferring ancestors towards increased activity with Fe. This
suggests that mutations of Xp, and Hcerm/Qcrerm/ Qnierm residues were
involved in the identified evolutionary changes of metal preference.
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Fig.1|Evolutionarily distinct SodFM subfamilies have wide and variable
distribution across the tree of life. a, Pattern of variable distribution of the five
SodFM subfamilies (Extended Data Fig. 2) observed across the tree of life. The
coloured semi-circles represent the distribution of SodFM1s (1,105 sequences,
orange), SodFM2s (823 sequences, blue), SodFM3s (359 sequences, red),
SodFM4s (354 sequences, brown) and SodFMSs (179 sequences, orange), mapped
onto aphylogeny of 146 eukaryotes, 2,577 bacteria and 288 archaea. The presence
of species with more than a single representative of a particular SodFM subfamily
(black, Supplementary Data18) reveals multiple independent lineage-specific
SodFM1-5 subfamily expansions. b, Tables containing numbers and mean
percentage of protein sequence identity of the SodFM1-5 subfamily members
found within the analysis of 3,011 genomes sampled across the tree of life (a).
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SodFMs, including four universally conserved metal-coordinating residues,

asingle aspartate (green triangles). The key distinction

among SodFM1-5 subfamilies is the identity and position of a water-coordinating

ngles) spatially located within the enzymes’ catalytic centres:

SodFM1/5s have a C-terminal GIn, SodFM2s have an N-terminal GIn, and most
SodFM3-4s (75% sequences) have a C-terminal His and the rest of the SodFM3s
and SodFM4s (25% each group) contained C-terminal GIn instead of His, often
reflecting secondary His/GIn switches (Extended Data Fig. 2a). The key distinction

nd SodFM4s is the loss of the conserved C-terminal His in the

HXXXHH motifin SodFM4s. The key distinction between SodFM1s and SodFMS5s
is that the studied representatives of the former are homodimeric, whereas those
ofthe latter are tetrameric (Extended Data Figs. 2a and 3a). Residue X, , represents
animportant determinant of Fe/Mn metal preference (pink triangle).

Importantly, these isozymes also demonstrated that understanding an

(Fig.3d) and Stap
enzyme’s evolutionary history can aid predictions of their properties.

bacteria (Fig. 3c)

Switched metal preference evolved multiple
independent times

To better understand the context of metal-preference evolution, we
mapped the distribution of the identified residues and measured aCRs
onto the trees of life (Fig. 3a-e and Extended Data Figs. 5and 6). Clear
patterns of metal-preference modulation were identified during the
evolution of bacterial lineages important for human health includ-
ing Bacteroidales (Fig. 3a and Extended Data Fig. 5), Mycobacteria

largely anaerobic
preferences have
pendentemergen

hylococci (Fig. 3e); and enigmatic uncultured Wolfe-
from bacterial candidate phyla radiations (CPR). In

human-pathogenic Mycobacteria, acquisition of more Fe-preferring
tetrameric SodFM3s has occurred at least twice (Fig. 3d), whereas a
single neofunctionalization event could be identified in the ancestor
of Staphylococcus aureus and Staphylococcus argenteus (Fig. 3e). The

Bacteroidales are ataxonomicgroup in which metal
frequently switched. Weidentified at least two inde-
ces of cambialismin this group, once from Fe-SodFM2

and asecond time from Mn-SodFM1 ancestors. CPR Wolfebacteriarep-
resented astriking and highly unusual emergence of dimeric (Extended
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Fig.2|Enzymes with diverse metal preferences can be found across the
SodFM subfamilies. a, The aCR values for the 64 characterized SodFMs were
mapped onto the protein tree inferred from 2,688 SodFM sequences identified
across the tree of life (Fig. 1a). Arange of aCRs, from higher Fe preference (aCR
>2,red), through cambialistic (0.5 <aCR <2, green), to higher Mn preference
(aCR <0.5, orange), were found across the SodFM subfamilies. Sensitivity to
peroxide inhibition (+) was detected for Fe-preferring and Fe-loaded cambialistic
enzymes, but notin the Mn-preferring enzymes, which were resistant to peroxide
treatment (-). Identity of the metal’s two key secondary coordination sphere
residues, namely water-coordinating GIn/His and the X, , residue located close
to the Asp ligand (Fig. 1), are displayed next to aCRs. b, Distribution of the

aCRs for the SodFM subfamilies is presented as box and whiskers plots (left),
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are presented as pie charts (right). SodFM1s and SodFM5s were grouped
together here as they both contained C-terminal Gln and displayed similar metal
preference and Xp,, distribution patterns (SodFMS5s Xp,,, G: 89%; A: 7%; T:1.7%).
The high proportion of Mn-preferring SodFM1s and Fe-preferring SodFM2s, and
the predicted GIn/His and the X, , residues in the reconstructed sequences of the
ancestral nodes (a, dashed outlines), are consistent with the hypothesis that the
LCAs of these two subfamilies were Mn and Fe preferring, respectively (Extended
Data Fig. 2f,g). ¢, Distribution of the aCR values for SodFMs (top) with different
water-coordinating residues (C-terminal GIn, N-terminal GIn or C-terminal His)
and different X, residues (bottom) are displayed as box and whiskers plots
onalogarithmicscale, colour coded to reflect apparent metal specificities

(Mn: orange; cambialistic (camb): green; Fe: red). Amino acid residues were
colour coded to enable comparisons amonga, band c.

Nature Ecology & Evolution | Volume 7 | May 2023 | 732-744

735


http://www.nature.com/natecolevol

Article

https://doi.org/10.1038/s41559-023-02012-0

B. plebeius reversion

a oSy b c
repertoire with loss of CPR Wolfebacteria
the Camb-SodFM2 Jn/Fe-switch
fragilis SodFM4
i ‘ s i Wolfebasteria GW2011 GWA2 47 9b s vl ENEREY
Camb-SodFM2 SodFM2 [Gln[Gly s :If"“ Wolf a_GW2011_GWB1.47 1 H:}v:\
Bacteroidales - Bacteroides plebeius SodFM2 (i The Woliabacteria RIFOXYBT FULL 54 72 His[ Val
ancestor . SodFM?2 Gl val o Wolfebacteria_RIFOXYD12_FULL 48 21 ) s  val
- Pseudomonas aeruginosa Wcl{tetsctena RIFOXYD1_FULL 48 65 ) bis [ Val
Gly = Wolfebacteria GW2011 GWCZ_39.22 ) is| val i Val |
* Copi i gg‘ﬁﬁ'g;: f; | SodFM2 [¢ ‘vm Wolfebscteria G20 GWEZ 44 15 0(ialVal
- J Wolfebacteria CG10 _big_fil rev 8 2114.0.10_31.9
SodFM2 (Gl o[t the ancestral  RIFCSPLOWO2_G1_ FULL 3811 s  Val
SodFM2 [ H Fe-specificity,, ‘ wo}:egac:erla EI\EgSPI}:ﬂGHO2 01 FULL 22 w}m« 1011 B
Gln febacteria in[ Gly RN -
Independent " Anaemnhaga ) SodFM2 [Gln[Cys NENEEE Wolicbator C005. fancl .40 14 0 5
Camb- thermohalophila - - 170
i Gln[ Gly 1- SodFM2 e - Neisseria = Wolfebacteria_CG18, bwg ﬁl WC_8_21.14.2 50_39_7
Rk 057 -] emergence of g SodbhD , CG 41014 0 2_um filter 39 18
SodFM2 [ci[Tr] a-proteobacteria- [1°%, | # So JiTh otabaciers AFCSPLOWG b1 HUCL-a5-16 /o va
o BedFMD 4 Harrisonbacteria_RIFCSPHIGHO2 02_FULL_42.16 His| Val |
- Rikenella microfusus Specitic So B Harrisonbacteria_RIFCSPLOWO2_ 01 FULL 44 13 His| Val
SodFM2 [GIn] Thr RIEEEY ancestor Hamsonbactema _RIFCSPLOWO2_02_FULL_41_1
SodFM2 [Gin] Gly KA - gt Lrbenbacrerﬁmencanus Y _'
SodFM2.4 Gl 2 CG10 bi Al
Draconrbacxenum orientale = Harntonbasiors 6010, _big.| m o851 140.10 46 38 i Pio]
LN 04 B E Liptonbacteria GWET 49 6 His Vel
Gin[oly] SodFM2.4 (Gl [Gly E e L\ptonbactena RIFCSPLOW02 O1FULL 5313 ()¢
SodFM2 [Gl[ Thr | SodFM2.4 [Gin| Gly [l - o arcubacteria GW2011_GWAT_59_11
SodFM2.4 [GIn[Gly | i Lipt cnbactena RIFCSPHIGHO2 01 FULL 57 28 Gly
. i iohil H Llplonbaclema CG1i_big fil rev 8 21140 20_35 14 C)[Cln[ Gly
Bac‘e""de‘e? RBG_13_43 22 Methylocapsa acidiphila i ptonbacteria_RIFCSPLOWO2_ 12 FULL 60_15 His Val
GlnT SodFM2.4 [Gl: Wm Cclweltbacter\a RIFCSPHIGHO2_12_FULL_44_17 OGIR[Gly
SodFM2 [GIn| Thr 1 Colwellbacteria_RIFCSPLOWO2. 02 FULL 45 11
,,,,,,,,,, Starkeya novella s Golwellbacreris 6161 big filrev 8. 3 8 2
| G coordnatig resdue Sggmg 4 *‘,—‘I: Cowellbacteria G 45.12.0.5 i fiter 5013
g 1 % H o o Jorgensenbacteria GW2011 GWA2_45 13
H Rt s — g | it trella mobilis . Jorgensenbacteria_RIFCSPHIGHO2_02_FULL 45 20
g| g SodFM2.4 ‘ I Jorgensenbacteria RIFCSPLOWO2 01 FULL 45_25b
g Gombistism ratio 8 SodFM2 [Gln[ Thr 1= ia GWA1_49_17
g e proference g { 1  GWAT 54712 (
Golourkey preference ® “colourkey SodFM2 (Gl Thr _RIFCSPLOWO?2_O1_FULL 4818
0.2 Q.87 Approximate cambialism rti value 02 02
o 125 | [+ | Cambialism atio not ppiicable 01323
No Rortolagués. N homdiogues
d SodFM3 SodFM3 e
M 20c taphylococcus aureus NCTC8325 (GG JEIEN= o "
yoobacteria Wyeobaciarum caretl @(FETCow e e dF
/Fe-switch | [~ Mycobacterium orygis () Fis [ Leu phy g flsts GOl o i
Mycobacterium tuberculosis africanum ¢/ His | Leu Jeamb-switch T TN
Mycobacterium tuberculosis caprae His | Leu
Independent Mycobacterium tuberculosis microti () His | Leu

Mycobacterium tuberculosis bovis

Fe-SodFM3 Mycobacterium kansasii

marinum
Mycobacterium ulcerans
Mycobacterium hasmophium & Gl
Mycobacterium leprae (Gl

Mycobacterium intracellulare

Mycolicibacterium gilvum

Mycolicibacterium neoaurum (G| C C G
Mycolicibacterium smegmatis (Gl Gln| Leu
b: Bl -] OlGhlely

Average phylogenetic distance from a LCA node

Universal LCA

Fig. 3| SodFM metal preference and peroxide sensitivity have been

changed independently many times within different evolutionary contexts.
a-eDistribution of SodFM1-4 subfamilies (orange-brown heat mapsinaandb,
or coloured circles in c-e) was mapped onto the species trees of Bacteroidota
(a), Proteobacteria (b), CPR Wolfebacteria (c), Mycobacteriaceae (d) and
Staphylococcaceae (e). In Gram-negative bacteria, SodFM repertoires consisted
mainly of SodFM2s in Proteobacteria (b) and SodFM1s in Bacteroidota (a).
Within the Bacteroidota, a subset of the Bacteroidales have switched to SodFM2
(a). SodFM1s and SodFM4s were found in uncultured CPR Wolfebacteria (c). In
Gram-positive Mycobacteriaceae only SodFM3s were identified (d), whereas
Staphylococcaceae contained only SodFM1s (e). The identities of the water-
coordinating GIn/His, the residue X;,,, and verified aCR and peroxide inhibition
for the SodFMs characterized in this study were mapped onto the trees and
annotated as previously described (Fig. 2). Inferred multiple independent

evolutionary shifts towards higher Fe preference and peroxide sensitivity

(red circles), higher Mn preference and peroxide resistance (orange circles),
emergences of cambialism (green circles) and likely SodFM repertoire changes
via LGT (magenta circles) were annotated onto the trees (a-e). f, The average
phylogenetic distances between the inferred LCA nodes (coloured circles in
a-e) and their descendent tree tips were calculated and presented on a colour-
coded scale, where the minimum value represents the extant homologues (tree
tips) and the maximum value represents the average distances of all studied
archaea, bacteria and eukaryotes from their LCA (universal LCA). Emergence of
alphaproteobacterial SodFM2.4 was the most ancient and that of the cambialistic
SodFM1 within staphylococci the most recent of the identified metal-
preference evolutionary modulation events. Scale bars represent the number of
substitutions per site.

DataFig. 7) Fe-preferring SodFM1 containing SodFM3/4-like (Fig. 3¢)
Hcermand Vp, residues (Fig. 1c). Importantly, our extensive analysis of
SodFM metal utilization evolution provided further evidence demon-
strating that theidentity of Xp, and Heeerm/Qcerm/ Queerm COMbined with
phylogenetic analysis can enable predictions of their metal prefer-
ences more accurate than those on the basis of sequence analysis or
phylogenetics alone.

Ancient SodFM metal-preference switchin
Alphaproteobacteria

Based on predictions derived from our analysis, we identified adistinct
group of Mn-preferring SodFM2s in Alphaproteobacteria (SodFM2.4;
Fig.3b and Extended Data Figs. 6 and 8) constituting a major compo-
nent of marine and terrestrial ecosystems. On the basis of protein trees
(Fig.2aand Extended DataFig. 6b), speciestrees (Fig.3b and Extended
Data Fig. 6a), amino acid correlation analysis (Extended Data Fig. 8)
and distribution of the key amino acid residues (Extended Data Figs. 6b
and 8), SodFM2.4s have evolved from ancestral Fe-preferring SodFM2
(Extended Data Figs. 6b and 8) in the LCA of all Alphaproteobacteria
following the split from Rickettsiales (Extended Data Fig. 6a), and repre-
sent the mostancientidentified evolutionary metal-preference switch
(Fig. 3f) other than that at the split between SodFM1s and SodFM2s
(Fig. 2a). Later, five divergent SodFM2.4 sequences reacquired more

typical SodFM2 residues, including T/V/C,, in place of the SodFM2.4
hallmark residues G,.,, and display Fe preference (for example,
Methylocapsa acidiphila; Fig. 3b and Extended Data Fig. 6a), suggesting
they have evolutionarily reverted to their ancestral metal preference
on at least three independent occasions (Fig. 3b and Extended Data
Figs. 6a,b and 8a). Extensive sequence analysis-driven mutagenesis
of Agrobacterium tumefaciens SodFM2.4 (Extended Data Fig. 9m)
revealed that, compared with changing from preferential utilization
of asingle metal co-factor to cambialism, as observedin S. aureus and
Bacteroidetes (Fig. 3a,e), reversion from high Mn to high Fe preference
may require more than a single mutation. It is therefore striking that
SodFM2.4s from multiple species have evolved back to the ancestral
Fe preference (Extended Data Fig. 6) rather thanacquiring a canonical
Fe-preferring SodFM2 via LGT.

SodFM metal preference co-evolves with peroxide
sensitivity

In addition to higher Mn preference, similarly to MnSodFM1s,
MnSodFM2.4s were resistant to hydrogen peroxide inhibition
(Extended DataFigs.4c,kand 8a). Itis well established that metal prefer-
enceisstrongly associated with the sensitivity of SodFMs to peroxide®
Mn-preferring and Mn-loaded cambialistic SODs tend to be resistant,
whereasthe activity of Fe-preferring and Fe-loaded cambialistic SODs
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is typically inhibited by peroxide. Results from our characterization
ofisozymes sampled across the tree of life (Fig. 2a and Extended Data
Fig.4) showed that this biochemical feature was universally conserved
across all studied SodFMs, consistent with it co-evolving with metal
preference. Consequently, as in the case of metal preference, perox-
ide inhibition is not constrained to phylogenetic subfamilies, but has
changed multiple independent times. This suggests that, in addition
to adapting to changing metal bioavailability, metal preference could
evolveinresponse to high concentrations of hydrogen peroxide, which
isoften used as a potent anti-microbial agent, both artificially in health-
care and by living organismsin nature.

SodFMs vary in susceptibility to metal-preference
modulation

To verify our hypothesis that SodFMs can evolve their metal prefer-
ence and peroxide inhibition by mutating secondary coordination
sphereresidues X, and Heerm/Qcrerm/ Qneerme W performed biochemical
characterization of 50 synthetically generated mutants of the natural
enzymes. Mutations were designed to alter metal preference by intro-
ducing residues from isozymes with opposing preference, guided by
our analysis of the frequencies of the amino acids in these positions
innatural enzymes (Fig. 2).

Of all tested mutants, 35 (70%) exhibited a significant shiftinaCR
value, indicating change in specific activity with one metal relative to
that with the other metal. Of these 35 mutants, atotal of 26 variants (52%
ofallmutants) displayed changesin the preferred metal relative to the
wild type (WT) (Extended Data Fig. 9 and Supplementary Data 8), fur-
ther supporting the significance of these residues in metal-preference
determination. Decreased expression levels were observed for nine
variants (18% of all mutants), suggesting that mutation of these residues
can also have deleterious effects on protein stability and/or folding.
No significant effects were observed in 15 (30%) mutants (Extended
Data Fig. 9 and Supplementary Data 8), thus mutagenesis of X,, and
Hceerm/Qcterm/ Queerm d0€S NOt always result in metal preference change.
This indicates the importance of other regions of the protein fold for
metal-preference modulation by X;,, and Heyerm/Qcrerm/ Queerm Mutagen-
esis. This is particularly evident in specialized metal-preferring
SODs such as Escherichia coli SodA, which does not acquire Fe when
homologously overexpressed in our E. colistrainin aerobic conditions
(Extended Data Fig. 10f); and in Bacillus anthracis SodA2 (Fe-preferring
SodFMI) or A. tumefaciens Mn-preferring SodFM2.4, where mutagen-
esis of X, had no effect on their metal preference, althoughit played a
clearroleinthe metal preference switch of their ancestor. This suggests
that, following the metal-preference switch, subsequent changes in
other regions of the fold can de-correlate later effects of the X;,, and
Hceerm/Qcrerm/ Queerm Mutations fromtheir initial effects, aprocess termed
epistatic drift®. Alternatively, metal-preference changes via X, and
Hceerm/Qcterm/ Queerm in SOMe SodFMs could require preceding changes
inother regions of the fold (intramolecular pre-adaptations).

Regardless of the underlying evolutionary mechanisms, the resi-
dues Xp, and Heerm/Qcerm/ Queerm CONStitute a strong indicator of metal
preference in natural enzymes (Fig. 2). Although the susceptibility of
SodFMs to metal-preference modulation by mutating these residues
was not universal, the majority of variantsinwhich these residues were
mutated exhibited significant modulation of metal utilization.

Cambialism can be a positively selected property
innature

Next, we leveraged the cambialistic SODs from S. aureus and B. fragilis
toinvestigate the specificrole of the X;, positionin determining metal
preference (Fig. 4a,b and Extended Data Fig. 9a-d). We investigated
multiple variants in which their X, , residues were mutated (Extended
Data Fig. 9a-d), guided by our analysis of which amino acid appears
at this position in natural SodFM sequences (Fig. 2b). In the S. aureus
cambialistic SodFM1, the magnitude of aCR change was dependent on

which amino acid was introduced at X;,, (Fig. 4a), and was consistent
with the correlation between the aCR and X, residues of SodFMs sam-
pled across the tree of life (Fig. 2c). Importantly, while three S. aureus
mutants shifted back towards the ancestral Mn preference, three
mutants showed greater Fe preference (Fig. 4a). The shift towards Fe
preference was observed for the two amino acids (Thr and Val) most
often present in Fe-preferring SODs, while a strong change towards
the ancestral Mn specificity was observed for the two amino acids (Ala
and Gly) most commonly found in Mn-preferring SODs. This capacity
for bidirectionally changing metal preference in S. aureus SodM was
unique across the tested SODs, suggesting it can provide a powerful
model system for future studies of how metal preferenceis determined.
This contrasted with the B. fragilis cambialistic SodFM2 (Fig. 4b and
Extended DataFig. 9¢,d) where the majority of mutants, regardless of
theamino acidintroduced at the X;,, position, were shifted towards the
ancestral Fe preference. This can probably be explained by the structure
of the amino acid (glycine) found in B. fragilis X, , position (Fig. 4e),
which has nosidechain, thus replacement with any sidechain foundin
other amino acids affects its local environment and influences metal
preference (Fig. 4b). Therefore, our results suggest that the S. aureus
cambialistic SodFM1 has potential for evolution towards higher Fe
preference, whereas the B. fragilis cambialistic SodFM2 has reached
the highest possible level of Mn preference viamutagenesis of the X,
residue alone. Crucially, the cambialistic sequence is conserved in all
analysed S. aureusandS. argenteus genomes, despite our observation
that only a single Xy, mutation is required to switch S. aureus cambi-
alistic SodFM1into an Fe-preferring SOD with substantially increased
Fe-dependent activity, providing evidence for the selection of cam-
bialism rather than Fe preference in S. aureus. We thus propose that
cambialism need not strictly be an evolutionary intermediate stage
between two metal specificities but rather the desired property that
can be selected for in nature, probably in this case for circumventing
nutritional immunity'.

Multiple evolutionary pathways can modulate
metal preference

To further test the wider evolutionary significance of the secondary
coordination sphere residues, we investigated double mutant variants
combining mutations at positions X, and the water-coordinating Q/
Hcerm- Our characterization of these variants revealed multiple evolu-
tionary pathways towards metal-preference switching. Insome cases,
such as Nesterenkonia alba SodFM3 Q/H, a single residue has a major
impact on the preferred metal co-factor (Fig. 4g and Extended Data
Fig. 9k,1), while in others, such as CPR SodFM1 H/Q, mutation at the
same position had a negligible effect (Fig. 4c and Extended Data
Fig. 9¢,f). In some, such as CPR SodFM1 H/Q V,,,,G, only a cumulative
effect of the two mutations affected the metal-preference (Fig. 4cand
Extended Data Fig. 9e,f), whereas no significant effect was observed
in either single or double mutants of nanoarchaeon Nanopusillus aci-
dilobi SodFM4 (Extended Data Fig. 9i,j). The latter observation sug-
gests that additional loci in the SodFM sequences must also regulate
metal preference, which await identification. SodFM metal preference
is probably modulated via fine tuning of the metal co-factor’s redox
potential*?*?*°, Interestingly, in all Xp, and Q/Hc..m mutants with
significantly changed metal preference, activity with at least one metal
decreased (Fig. 4i). Significantly increased activity with both metals at
the same time was not observed in any of these mutants. This suggests
thatasubstantial and concomitantincrease inactivity with both metals
via Xp.,, and Hegern/ Qcrerm/ Qneerm Mutagenesis is impossible due to bio-
physical constraints. Thisis consistent with the ‘redox tuning”hypoth-
esis® under the assumption that structural changes that modulate the
reduction potential of one metal should also change the reduction
potential of the alternative metal within the same active site. This also
indicates that SodFMs have evolved to maximize their metal-specific
activity via Xp,and Q/H mutagenesis, but within limitations enforced
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Fig. 4 | Functional studies reveal multiple molecular pathways to metal-
preference modulationin SodFM metalloenzymes. a,b, Residues at the X,
position in cambialistic S. aureus SodFM1 (L, @) and B. fragilis SodFM2 (Gp,,, b)
were mutated to those found commonly at this position in natural SodFMs
(Fig. 2b). The average specific activities of the WTs and mutants loaded

with either Mn (x axis) or Fe (y axis) were plotted as colour-coded circles.

InS. aureus (a), residues most commonly found in Mn-preferring SODs, A, and
Gy, (Fig.2a,b), shifted metal preference towards Mn (orange circles), whereas
those found mainly in Fe-preferring SODs, V,,, and Ty, (Fig. 2a,b), shifted
towards higher Fe preference (red circles). In the cambialistic SodFM2 from

B. fragilis (b), all mutants displayed lower activity with Mn and the majority had
higher activity with Fe, representing change towards its most likely ancestral
Fe-preferring phenotype. ¢, For Fe-preferring CPR Wolfebacteria SodFM1
(CPR-His), mutations in both the X, and water-coordinating H/Q residues
were necessary to shift towards the inferred ancestral higher Mn activity. The
likely ancestral phenotype was proxied by the closely related SodFM1 (Fig. 2a)
from more basal Wolfebacteria (Fig. 3¢c). g,h, Single mutants, but not double

Mn-specific activity U mg™ total protein

-Fe

mutants, shifted metal preference of N. alba SodFM3 (g, Q/H mutant) and
Woesearchaeota SodFM4 (h, V,,A). d-f, Crystal structures of S. aureus SodFM1
Lp,G (d), B. fragilis SodFM2 G, T (e) and CPR-His SodFM1V,,,G H/Q double
mutant (f) were analyzed to investigate structural effects of these mutations.
The structuresin e and fwere solved in this study. Cartoon representation

of the active sites were superimposed onto corresponding WT. Apart from

the mutated residues, there were no significant changes to the position of
metal (manganese, blue, and iron, orange spheres), catalytic water molecules
(red spheres) and primary metal coordination bonds (dashed lines) within

the resolution limit of the solved structures (backbone root mean squared
deviation (RMSD) of 0.4 A, and metal primary coordination sphere RMSD
below 0.1A).i, Plot represents fold changes in activity with Mn and Fe of the
tested SodFM mutants relative to the WTs (Supplementary Data 8), where
arrows indicate significant increase in activity with only one metal (Fe, red; Mn,
orange), or decline in activity with both metals (grey). Neither of the increases
inactivity with both metals in a single mutant (brown) were significant. The fold
changesinactivity are represented on alog2 scale.

by likely epistatic effects® of other sites within their protein struc-
ture. Importantly, consistent with previous reports™?**”**, comparison
of four protein crystal structures of the WT and mutant SodFMs we

determined here (Fig. 4e,f and Extended Data Fig. 7) indicated that
metal-preference modulation by X;,, and Q/H occurs without any sig-
nificant changes to the secondary metal coordination sphere within
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the resolution limits of the solved structures. This provides further
support for ‘redox tuning’ via subtle structural changes™**. Better
understanding of the residues that determine metal preference and its
evolvability** in SodFMs can enable development of models describing
how evolutionary changesin metalloprotein structure can shape their
biophysical properties.

Discussion

Despite substantial and continuing progress in our understanding of
protein functions and the evolutionary processes that shape them, a
vast gap exists between the number of known natural proteinsequences
and the number of those that have been investigated experimentally.
Bridging this gap is required to further our understanding of the fun-
damental mechanismsinvolvedinthe functioningand evolution of all
living systems, and to apply this knowledge in medicine, biotechnology
and synthetic biology.

Although SodFMs are a well-studied protein family, with over 50
WT protein crystal structures available from various organisms, we
were able to uncover additional diversity via application of bioinfor-
matics and phylogenetics onadataset of genomes sampled across the
tree of life. Thisincluded the novel categorization of the SodFM protein
family into five distinct subfamilies, the first comparison of multiple
members of the largely unstudied group of SodFM4s, and identifica-
tion of atypical isozymes such as the Fe-preferring SodFM1 from CPR
Wolfebacterium. It also enabled us to identify multiple independent
evolutionary events, both ancient and morerecent, in which their key
biophysical property of Fe/Mn metal preference was switched. S. aureus
cambialistic SodFM1, involved in evasion of the mammalian immune
response'>”*, has emerged from the most recent of these switches, and
issusceptible to modulation of its metal preference inboth directions.
This contrasted with the Agrobacterium Mn-preferring SodFM2.4,
which descended from the most ancient identified metal-preference
switch, where modulation via mutagenesis of the identified key resi-
dues was no longer possible. This is probably due to epistatic drift,
which cande-correlate the later effects of mutations from their initial
effects®. We also demonstrated that Agrobacterium Mn-SodFM2.4,
and all other tested SodFMs active with Mn, are resistant to hydrogen
peroxide inhibition, which could provide additional selective advan-
tage, forexample, to organismsinvolved in peroxide scavenging within
microbial communities®* %,

Metal preferences of SodFMs are commonly misannotated in
databases and cannot be predicted by sequence analysis or phylogenet-
ics alone, but our application of both methodologies in combination
improved prediction accuracy. Many other protein families include
metalloproteins, and although metal preference has been established
for some members of some families, its diversity has probably been
frequently underappreciated. For example, the unexpected discovery
of copper-only SODs, devoid of the requirement for zinc, among the
Cu/Zn-dependent SOD family requires reassessment of the annotation
of these distinct superoxide detoxification enzymes**°. Similarly,
a carbonic anhydrase isozyme from marine diatoms has evolved to
utilize cadmium, in place of the usual Zn, as an adaptation to oceanic
Zn deficiency®. In SodFMs, metal preference can be changed within
short evolutionary timeframes. Although the selection pressures
driving their evolution remain to be evaluated, we hypothesize that
environmental conditions affecting intracellular metal homeostasis
are probably frequent drivers. The same selection pressures would
affect other metalloproteins, making the groups of organisms with
signatures of evolutionary SodFM metal preferences changes, such
as Alphaproteobacteria and Bacteroides, prime candidates for inves-
tigations of metal-preference evolutionin other protein families. This
could have particularlyimportantimplicationsin healthcare as metal
homeostasis and correct protein metalation are important in human
disease’ and in microbial infections®, and have been suggested to be
promising anti-microbial therapeutic targets'®. Furthermore, the ability

toengineer cambialistic synthetic proteins can enable the utilization of
different metals to perform the same activity, probably providing eco-
nomic and environmental benefits in biotechnological applications.

The existence of Fe-preferring, Mn-preferring and cambialistic
SodFMsis well established, and their metal-preference changes were
previously hypothesized as being related to ancient geological changes
such as Earth’s atmosphere oxygenation'* and adaptation of patho-
gens to nutritional immunity'>, Here we identified multiple additional
metal-preference changes and demonstrated that, rather than switch-
ing between three discrete states of metal specificity, SodFM metal
preference evolves by sliding on a continuous scale of cambialism
ratio (CR). This evolutionary fine tuning probably occurs through
the proposed biophysical mechanism of redox tuning®, a hypothesis
supported by our biochemical and structural analysis of natural Sod-
FMs and their metal-preference switched mutants. It was previously
hypothesized that ancient ancestral SodFMs were cambialistic'**?,
butinlight of our data, we hypothesize that the ancient SodFMs would
have been susceptible to metal-preference modulation, similarly to
the extanthomologues. A physiological role has only been previously
demonstrated for one cambialistic SodFM, in S. aureus pathogenesis.
Yet our data also indicate that on modern Earth, cambialism can be
more common and more important than previously anticipated as,
for example, in the Bacteroidales, cambialism has evolved multiple
independent times from different ancestral backgrounds. However,
the wider biological significance and frequency of cambialism and
evolutionary metal-preference modulation in other protein families
remainsto be explored. Metals are indispensable for modern cellular
life, probably played important catalytic functions at its origin, and
their bioavailability has changed dramatically over the Earth’s history.
However, it is not always clear why one metal was selected over another
to play a particular biological role or whether the selected metal can
be easily changed for another metal with similar biophysical proper-
tiesinthe course of evolution. Our findings suggest thatin the case of
SodFMs, the preference for one of the two possible metal co-factors
canand hasbeenmodulated multipleindependent timesinthe course
of the SodFM protein family’s evolution, and remains susceptible to
further changesin the extant family members.

Methods

Generation of AsodAAsodB expression strains of E. coli
BL21(DE3) and pLysSRARE2 (DE3) pLysS

The sodFM gene knockout (KO) strain of E. coli BL21(A DE3) was gen-
erated following a standard protocol* with minor modifications.
First, the sequences of sodA and sodB genes in the BL21 genome
(GCF_000022665.1, ASM2266V1) were compared with that of the
E. coli K-12 strain (GCF_000005845.2, ASM584v2) where successful
gene KO strains were previously generated*:. Specificity of designed
primers with homology to the targeted genes was verified using local
BlastN (-task blastn-short, e-value 0.1)* against the whole BL21 genome.
E. coli BL21(ADE3) cells expressing A Red recombinase (BL21-RED)
from pKD46 plasmid were induced with 10 mM arabinose at OD,
of 0.2 and made electrocompetent at OD,, of 0.6 by three washes in
ice cold 10% (vol/vol) glycerol. A kanamycin resistance cassette with
recombination overhangs was amplified from pKD4 plasmid template
with Q5 Hot Start DNA Polymerase (NEB), purified with Monarch DNA
gel extractionkit (NEB), and electroporated (500 ng DNA, 250 ng pl™)
into 90 plelectrocompetent BL21-RED cellsat 2.5 kV,200 Ohm, 0.025 F
for 4.5ms (BTX ECM 630) in 0.1 cm electroporation cuvettes (VWR),
followed by 2 hrecoveryinsuper optimal broth with catabolite repres-
sion (SOC) medium. All bacterial cultures (except recovery following
electroporationin SOC medium) were grown in Luria-Bertani medium
supplemented with 0.2% (wt/vol) glucose, with 1.5% (wt/vol) agar for
solid medium. The remaining steps of the protocol were performed as
described in the original publication*’. The BL21(ADE3) AsodB mutant
was used for subsequent generation of the BL21(ADE3) AsodAAsodB
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double mutant following the same protocol. Correct antibiotic resist-
ance cassette insertions were verified using diagnostic polymerase
chain reaction (PCR) with OneTaq Quick-Load 2x Master Mix (NEB).
The gene deletion was verified using PCR with sodA(B)_screen_F(R)
primers complementary to regions upstream and downstream from
the deleted loci, and its phenotype confirmed using the in-gel SOD
activity assay on soluble protein extracts from the WT and KO strains
(Extended Data Fig. 10c). The BL21(DE3) pLysSRARE2 AsodAAsodB
strain was constructed by transforming the BL21(ADE3) AsodAAsodB
with pLysSRARE2 plasmid isolated from the commercially available
ROSETTA2 (ADE3) pLysS strain (Novagen). All primers used for KO strain
generation and verification were synthesized by Eurofins Genomics,
with sequences provided in Supplementary Datal.

SOD genes synthesis, cloning and site-directed mutagenesis
Amino acid sequences of SodFMs of interest identified in bioinfor-
matic analyses were used to generate gene sequences codon opti-
mized for expression in Escherichia coli B using commercial Codon
Optimization Tool (IDT). Predicted N-terminal targeting sequences
identified with SignalP5 (ref. 46), TargetP 2.0 (ref. 47), ChloroP*¢ and
Phobius*, and fusion domains identified with InterProScan 5 (ref.
50), were manually verified in protein alignments as not being a part
of the structural and functional conserved core of the SOD fold, and
were excluded from the construct sequences. Sequence extensions
complementary to the cloning site within pET-22b(+) (Novagen) were
added to each codon-optimized gene and resulting constructs (Sup-
plementary Data2) were synthesized as gBlocks gene fragments (IDT).
The amino acid sequences of the 82 WT SOD constructs investigated
in this study are listed in Supplementary Data 3. The synthetic con-
structs were used directly for enhanced Gibson assembly cloning®"*
into the pET-22b expression vector backbone. Ratios of 4 fmol plasmid
(15 ng): 24 fmolinsert (usually 10 ng) in DNA mix, and 2.5 pl of the DNA
mix: 7.5 pl enzyme mix were used for the enhanced Gibson assembly.
Site-directed mutagenesis of the SodFMs in pET-22b was performed
using Q5 Hot Start DNA Polymerase (NEB) and the KLD kit (NEB) follow-
ing the manufacturer’s protocol with the single exception of using 5 pl
instead of 10 plfinal reaction volume. Sequences of all primersusedin
site-directed mutagenesis are provided in Supplementary Data 1. All
plasmid propagations steps were performed in £. coli DH5a.

Expressing SodFMs in the presence of Fe or Mnin 24-well
culture plates

For screening of soluble expression and aCR verification experiments,
E. coli BL21(ADE3) AsodAAsodB cells transformed with pET-22b SOD
expression constructs were cultured in 4-5 ml M9 medium (0.1 mM
CaCl,, 2 mM MgSO0,, 0.4% glucose, 0.2% casamino acids, 1 mM thia-
mine, 12.8 g 1™ Na,HPO, x 7H,0, 3 g I KH,PO,, 0.5 g "' NaCland 1 g I
NH,CI) in 24-well culture plates (Whatman Uniplate) at 37 °C with
180 r.p.m. orbital shaking. Pre-cultures were grown for 16 h in M9
medium containing 100 pg ml™ ampicillin without metal supple-
mentation. Aliquots (200 pl) of the pre-cultures were used to inocu-
late 4 ml M9 medium with ampicillin (100 pg m1™) supplemented
with either 500 pM MnCl, or 100 uM Fe(NH,),SO, and cultured until
0Dy, reached 0.4-0.6. At that point, additional Mn (1 mM final con-
centration) or Fe (200 pM final concentration) and isopropyl B-D-
1-thiogalactopyranoside (1 mM final concentration) were added, and
culture was continued for 4 h. Cultures in Fe- or Mn-supplemented
mediawere always performed in separate 24-well plates to avoid metal
cross-contamination. The final OD,,, was measured, and the 24-well
culture plates were centrifuged for 10 min at 4,000g. Spent media
wereremoved, and cell pellets were resuspended in cell lysis solution
(20 mM Tris pH7.5,100 pg ml™ lysozyme, 10 pg mI* DNAsel, 1x Roche
cOmplete ethylenediaminetetraacetic acid (EDTA)-free protease
inhibitors), volume normalized on the basis of their final OD,, meas-
urements and transferred to 1.5 ml Eppendorftubes. E. coli cells were

lysed by 10 s sonication (MSE Soniprep 150 with exponential probe
at10-14 pm amplitude) in a cold room and centrifuged for 20 min at
21,100g. The same protocol was followed for BL21(DE3) pLysSRARE2
AsodAAsodBexceptfor16 hexpressionat16 °Cin M9 media containing
100 pg ml™ampicillinand 30 pg ml™ chloramphenicol. The superna-
tants (soluble protein extracts) containing the expressed SodFMs were
used inthe subsequent bicinchoninic acid protein concentration assay
(Pierce), liquid and in-gel SOD activity assays, and sodium dodecyl
sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Metal purity
of culture media were verified using inductively coupled plasma mass
spectrometry (ICP-MS).

Protein expression and purification

Proteins were expressed in E. coli BL21(DE3) AsodAAsodB in 11 M9
medium supplemented with 200 pM Fe(NH,),SO, or 1 mM MnCl, and
induced with 1 mM isopropyl 3-bD-1-thiogalactopyranoside for 4 h at
37 °Cwith 220 r.p.m. orbital shakingin 2 | baffled flasks. Bacterial cells
were lysed by sonication of washed cell pellets in 20 mM Tris pH 7.5,
1x cOmplete EDTA-free protease inhibitor (Roche), 100 pg ml™
lysozyme, 10 pg ml™ DNAse I, followed by centrifugation at 19,000 g
at4°C.Cleared celllysates were subjected to chromatographic separa-
tion using an AKTA purification system (Cytiva). Standard protocol for
most characterized recombinant SOD proteins consisted of purifica-
tion using anion exchange chromatography (HiTrap Q HP column,
Cytiva) in 20 mM Tris pH 7.5 buffer with 0-1 M NaCl linear gradient
elution, and subsequent size exclusion chromatography in 20 mM
Tris pH 7.5,150 mM NaCl buffer on a Superdex 200 16/600 (Cytiva)
column. For purification of B. fragilis SodFM2 and its mutants, 20 mM
Tris pH 8.5 was used. The E. coli SodFM1 (SodA) was collected in the
flowthrough during anion exchange chromatography and was subse-
quently subjected to additional cation exchange chromatography (5 ml
SPFF column (Cytiva)in20 mMMES pH5.5,0-1 M NaCllinear gradient
elution), whereit was also collected in the flowthrough. Metal content
of protein extraction buffers as well as metal loading of the purified
protein preparations were verified using ICP-MS.

Analytical size exclusion chromatography using a Superdex
20010/300 increase column (Cytiva) was performed to estimate the
molecular weight of protein preparations in non-denaturating condi-
tionsbased on elution volume. The columnwas calibrated using a mix-
ture of molecular weight standards ranging from 1,350 to 670,000 Da
(Bio-Rad) and blue dextran (2,000 kDa, Sigma) in 20 mM Tris pH 7.5,
150 mM NaCl buffer.

SOD activity assays and (a)CR calculations

SOD activity was assessed quantitatively using the riboflavin-nitro
blue tetrazolium (NBT) liquid assay*® with minor modifications. The
assay was performed in 96-well plates, inwhich 20 pl of asample was
mixed in each well with 180 pl assay solution (10 mM methionine,
1.4 pM riboflavin, 66 puM NBT and 10 pM EDTA in 50 mM potassium
phosphate buffer, pH 7.8),immediately before 10 minincubationon
awhite light box followed by immediate measurement of absorbance
at 560 nm. Serial twofold dilutions of tested samples were assayed to
identify enzyme concentrations within the linear range of the assay
thatwereclosetolUinreferenceto astandard curve obtained using
commercialbovine SOD standard (55639, Sigma). To calculate specific
SOD activities, the assay was performed in triplicate using samples
diluted to the concentrations within the assay’s linear range. CRs
were calculated as a ratio of SOD activities of the verified Fe-loaded
protein preparation divided by that of the verified Mn-loaded pro-
tein preparation. aCRs were calculated the same way but using SOD
activity values of soluble protein extract samples from the 24-well
culture experiments after lysis and centrifugation. CR values >0.5
were considered as evidence of higher Fe preference, CR <0.5 as evi-
dence of higher Mn preference and enzymes with 0.5 < CRs < 2 were
considered cambialistic.
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For qualitative SOD activity assessment, approximately 15 pug
(determined by bicinchoninic acid assay) of soluble protein extracts
were separated by 15% (wt/vol) acrylamide native polyacrylamide gel
electrophoresis (PAGE) and assayed using anin-gel assay as described
previously”. The in-gel peroxide inhibition assay was performed as
described previously®. For protein staining, samples were resolved
on 15% (wt/vol) acrylamide SDS-PAGE gels and stained with Quick
Coomassie (Protein Ark). All gels were imaged using a ChemiDoc imag-
ing system (Bio-Rad), using the same settings (including exposure
time) for all gels compared within asingle experiment. Band intensity
was quantified with Image Lab 6.1software (Bio-Rad) using arectangle
volume tool to outline activity bands with local background subtrac-
tion. aCRs from the in-gel assay were calculated using the measured
band intensities following the formula: aCR = (intFe — intFeH,0,)/
intMnH,0,, where intFeH,0, is band intensity of the Fe-loaded form
following peroxide inhibition, intFe refers to the band intensity of
Fe samples in non-peroxide-treated gels, and intMnH,0, is the band
intensity of the Mn-loaded form following peroxide inhibition. Data
available in Supplementary Data 8,9 and 10.

Metal concentration verification using ICP-MS

Aliquots of protein extraction buffers or purified protein samples
(20 pM) in 20 mM Tris pH 7.5,150 mM NaCl were each diluted to 5 ml
with 2% HNO, for elemental analysis. Elemental composition of the
resulting acid solutions were quantified using an iCAP RQ ICP-MS
instrument (Thermo Fisher Scientific) according to the manufacturer’s
specifications through comparison with matrix-matched elemental
standard solutions, using In and Ir (10 pg 1) as internal standards
(University of Plymouth Enterprise Ltd).

Protein crystallography
Purified and concentrated protein samples were subjected to crys-
tallization with commercially available matrix screens: PACT, JCSG+,
Structure, Morpheus (Molecular Dimensions) and Index (Hampton
Research) in 96-well Swissci MRC crystallization plates (Molecular
Dimensions) using a Mosquito liquid handling robot (TTP Labtech),
with the sitting drop vapour-diffusion method at 20 °C. CPR-His
Wolfebacteria SodFM1 crystallized in100 mM sodium acetate trihy-
drate pH4.5and 25% wt/vol polyethylene glycol 3350; CPR-His Wolfe-
bacteria SodFM1 mutant crystallized in 200 mM sodium chloride,
100 mM sodium acetate pH 5.0 and 20% wt/vol polyethylene glycol
6000; B. fragilis SodFM2 crystallized in 200 mM sodium chloride,
100 mM Tris pH 8.5 and 25% wt/vol polyethylene glycol 3350; and
B. fragilisSodFM2 mutant crystallized in10 mM zinc chloride, 100 mM
sodium acetate pH 5.0 and 20% wt/vol polyethylene glycol 6000. All
crystals were cryo-protected with the addition of 20% polyethylene
glycol 400 to the crystallization condition. Diffraction data were
collected on the 103 and 124 beamlines at the Diamond Light Source
Synchrotron (Didcot, UK) at 100 K. Data processing and refinement
statistics are given in Supplementary Data 16. Data were indexed
and integrated with the pipeline Xia2 (ref. 54) with either 3dii XDS*
or DIALS®® and scaled with Aimless®’. Space group determination
was confirmed with Pointless’®. Five per cent of observations were
randomly selected for the Rfree set. The phase problem was solved by
molecular replacement using Phaser>’. The 1TUES was used as asearch
model in molecular replacement for B. fragilis SodFM2 structures,
whereas 11X9 and 1GV3 were used as search models in molecular
replacement for CPR-His SodFM1 and its mutant, respectively. Initial
model building was done with CCP4build task on CCP4cloud®’. The
model were refined with Refmac® and manual model building was
done with Coot®® (Supplementary Data 16). Models were validated
with Molprobity®® and Coot. Structural representations were prepared
with PyMOL (Schrédinger, LLC).

Structural comparison was performed for global secondary struc-
ture matching in Coot and for least square comparison (LSQ-kab) of

metal-binding residues in CCP4i. To visualize and compare electron
density between structures, the 2Fo-Fc map was displayed at 1o level.

Bioinformatic protein family identification and
characterization

Our previously described dataset of genomes sampled across the tree
of life" was expanded with additional Bacteroidales and Alphaproteo-
bacteria genomes to improve sampling of the lineages identified as
metal-preference switching hotspots. The final dataset contained 3,058
genomesincluding 2,613 bacteria, 281archaea and 146 eukaryotes (full
list in Supplementary Data 4). Members of the SOD protein families
were identified using PFAM®* hidden Markov model (HMM) profiles
(Sod_Fe_C,PF02777.21; Sod_Fe_N, PFO0081.25; Sod_Cu, PF00080.23;
SodNi, PF09055.14) as queries against a local database of 10,304,216
protein sequences encoded within all 3,058 analysed genomes in
hmmsearch (-E 1e-5) profile search implemented in HMMER3.3
(ref. 65). Superoxide reductase (SOR) protein family members were
identified with hmmersearch using PFAM®* profiles (Ferric_reduct,
PF01794; and Desulfoferrodox, PFO1880), as well as BlastP (e-value
threshold of 0.005)* searches using sequences of structurally charac-
terized SORs (protein databank (PDB):1D06, and 1DFX). Data available
inSupplementary Datal7.

Theidentified 2,820 SodFM homologues (including 116 sequences
with solved crystal structures available in the PDB) were aligned in
MAFFT® with a set gap opening threshold (-op 2), and trimmed with
trimAL® with a set gap threshold (-gt 0.1) to a final alignment length
of 244 positions (Supplementary Data 5). The SodFM phylogeny (Sup-
plementary Data 6) was generated with 1,000 ultrafast bootstrap®®
replicates in IQ-TREE®’, with the best fitting phylogenetic model
WAG + R10 selected with ModelFinder”® according to Bayesian infor-
mation criterion implemented in IQ-TREE. Available solved SodFM
crystal structures (listed in Supplementary Data 11-15) were down-
loaded from the PDB;” aligned, manually inspected and displayed
in PyMOL (Schrodinger, LLC.); protein 3D structural comparisons
were performed using the ‘All against all’ function implemented in
DaliLiteV5.1onalocalworkstation’’. Groups of correlated amino acid
residues within SodFM alignments were identified using anamino acid
correlation algorithm implemented in PFstats™.

Generation of the tree of life

HMM profiles were generated from a curated set of 21 single-copy
orthologues shared between bacteria, archaea and eukaryotes™.
Sequences of the orthologues were downloaded from the supple-
mentary material of the previous study of the universally conserved
orthologues™, aligned with MAFFT®¢, trimmed with trimAL® (gappyout
mode) and used for the generation of HMM profilesin HMMER3.3%. The
profiles were subsequently used in hmmsearch (-E 1e-5) profile search®
against the local database o0f 10,304,216 protein sequences encoded
within 3,058 genomes sampled from across the three domains of life.
Each of the identified orthologue groups were aligned with MAFFT*¢,
trimmed with trimAL® (gappyout mode) and used for the generation
of phylogenies in IQ-TREE® under LG + G4 model with 1,000 ultrafast
bootstraps®®. Allalignments and phylogenies were manually inspected,
eukaryotic organellar sequences were filtered out on the basis of the
tree topologies and verified with BLASTP searches against the nr data-
base, and sevenwidely distributed orthologous groups were selected
for the final analysis. The final dataset contained the following eukary-
otic (prokaryotic) orthologues: Ribosomal 40S S3 (Ribosomal 30S S3),
Ribosomal 40S S15 (Ribosomal 30S S19), Ribosomal 60S L23 (Riboso-
mal 50S L14), Ribosomal 40S S11/14 (Ribosomal 30S S11), Ribosomal
40S S5/S7 (Ribosomal 30S S7), Ribosomal 40S SO/S2 (Ribosomal 30S
$2) and RNA polymerase Il subunit 3 (DNA-directed RNA polymerase
subunit D). The trimmed alignments of the seven orthologues groups
were concatenated with module Nexus of the Biopython package” to
afinal alignment of 1,097 amino acid sites, and was used to generate
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the tree of life (Supplementary Data 7) with 1,000 ultrafast bootstrap®®
replicatesin IQ-TREE®’ under LG + G4 model.

Ancestral sequence prediction and ancestral aCR state
estimation

Ancestral sequence reconstruction (ASR) was used to infer the most
likely residues at the identified metal-preference determination posi-
tions (Xp,and H/Qcerm OF Queerm) fOr the key ancestral nodes of SodFM1,
SodFM2, SodFM3, SodFM4 and SodFMS5 LCAs.

ASR was performed with the maximum likelihood phylogeny of
2,820 SodFMs (Supplementary Data 6) and the alignment used for the
generation of the phylogeny (Supplementary Data5). The reconstruc-
tion was performed using IQ-TREE® (-asr option) with the best fitting
model used for the tree reconstruction (WAG + R10), and FastML™ with
WAG model. Both approaches gave similar results with only a second
decimal place variationin posterior probability value between the two
methods. Marginal and joint reconstruction in FastML predicted the
same residues at the analysed positions of interest.

The possible ancestral aCR values for the key nodes of SodFM1
and SodFM2 ancestors were estimated using an IQ-TREE® maximum
likelihood phylogeny of arepresentative sample of SodFMs with experi-
mentally verified aCR values. The ancestral aCRs were estimated from
the consensus phylogeny (of 1,000 ultrafast bootstrap® replicates)
with a maximum likelihood approach implemented in fastAnc func-
tion of phytools package”” and a Bayesian Markov chain Monte Carlo
(MCMC) approach implemented in anc.Bayes’ from the same pack-
age. To account for the uncertainty of the phylogenetic reconstruc-
tion, additional Bayesian estimation was performed in BayesTraits
V4.0.0 (continuous randomwalk model Aand MCMC analysis)’®”° using
20,000 locally optimal trees (IQ-TREE -wt option)®’.

Other bioinformatics methods

Mean sequence identities were calculated as an average of trimAL®’
pairwise identity comparisons (-sident) on MAFFT®® alignments
trimmed with trimAL® (gappyout mode). Sequence logos were gen-
erated with WebLogo3®° and displayed so that the total height of each
residue corresponds to the information content of the residue in the
given position, and the relative size of multiple letters within each
position corresponds to their relative frequency at this position. The
phylogenetic trees were visualized and annotated with the protein
presence/absenceinthe analysed genomes or with co-evolving amino
acid residues using GraPhlAn®. Multiple sequence alignments were
visualized and annotated usingJalview®. Phylogenetic trees were visu-
alized and annotated using FigTree (http://tree.bio.ed.ac.uk/software/
figtree/), Archaeopteryx®.

Reporting summary
Furtherinformation onresearch designisavailablein the Nature Port-
folio Reporting Summary linked to this article.

Data availability

Structural datathat support the findings of this study have been depos-
ited in the Protein Data Bank with the accession codes 8AVK, 8AVL,
8AVM, 8AVN (Supplementary Data 16). There are no restrictions on
any data within the paper. Source data are provided with this paper.
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Extended Data Fig. 1| SodFMs constitute the largest and most widely
distributed family of superoxide-detoxifying enzymes. a The coloured
semi-circles represent the distribution of Fe/Mn SODs (SodFMs; magenta),
Cu/ZnSODs (green), and Ni SODs (red), mapped onto a phylogeny of 146
Eukaryotes, 2577 Bacteria, and 288 Archaea. SORs (superoxide reductases,
orange) were often found in the genomes that lack any detectable SOD sequences
(SOD-negative, grey; and Supplementary Data17):in Archaea, including
representatives from Euryarchaeota, Proteoarchaeota, TACK, and DPANN
Archaea; Bacteria, with notable examples from classes Erysipelotrichia and
Negativicutes within phylum Firmicutes; and Eukaryotic unicellular microbes
Spironucleus salmonicida and Giardia intestinalis, well-studied examples of
SOR-only eukaryotes® . Neither of the canonical superoxide-scavenging
enzymes were detected in 389 out of 3011 analysed genomes (SOD/SOR-negative,
black). This group included members of the phylum Tenericutes (highlighted in

Number of SOD/SOR-positive genomes

Eukaryotes

Proteobacteria

Protein
family

grey within Firmicutes), such as the human pathogen Mycoplasma pneumoniae,
which provides a known example of an aerobic organism without any identifiable
SOD homologues encoded in its genome and without any measurable SOD
activity in protein extracts®”*. b Table displaying the number of the identified
protein sequences, their mean sequence identity, and the number of genomes
encoding at least one representative of each of the protein families. Fe/Mn SODs
constitute the most highly conserved (35.7% mean sequence identity), and the
most common (found in 67.4% of all analysed genomes) family of superoxide-
detoxifying enzymes found in all three domains of life (Eukaryotes, Bacteria,
Archaea). c Each of the analysed protein families (Fe/Mn SOD, CuSOD, NiSOD,
and SOR) utilises different metal cofactors and is structurally distinct, consistent
withindependent evolution of the capacity for superoxide detoxification within
evolutionarily distinct protein folds.
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Extended Data Fig. 2| SodFM protein family can be subdivided into five
distinct subfamilies based on phylogenetics, protein sequence, and 3D
structure comparative analyses. a. The rings, coloured to represent the
presence of either of the three alternative water-coordinating residues, Heierm/
Qcrerm/ Queermy Within SOD catalytic centres (three innermost rings) and the
oligomerisation state identified in available crystal structures (two outermost
rings), were mapped onto the maximum likelihood protein tree of all SodFMs
identified in our sampling of genomes from across the tree of life (Extended
DataFig.1). N-terminal GIn (Qyeerm: blue) is exclusively found in dimeric (green)
SodFM2s, C-terminal water-coordinating GIn (Qce.m: orange) is found mainly
indimeric SodFM1s and tetrameric (brown) SodFMS5s, and C-terminal His
(Hcerm: red) is most commonly (Fig. 2b) found in tetrameric (purple) SodFM3s
and SodFM4s. b. An unrooted version of the SodFM protein tree presented

in (a) c. Each cartoon represents a structural alignment of monomers of all
SodFM1-5s with an available crystal structure in the protein databank (PDB).
The architecture of the two N-terminal a-helices (blue/turquoise/green)
within monomers distinguishes the dimeric SodFM1s and SodFM2s from the
tetrameric SodFM3s, SodFM4s, and SodFMS5s. d. The tree represents a structural

comparison of SodFMs based on crystal structures available in the PDB,
generated using a Distance matrix alignment (DALI). The DALI analysis reveals
that SodFM subfamilies identified through phylogenetics (b) and amino acid
sequence analysis (a) also form distinct groups when only their 3D structures are
compared. e. Maximum likelihood phylogenetic protein tree generated using
amino acid sequences of the SodFMs with available crystal structures used in
the DALI analysis (d). f. The fastAnc estimates of the ancestral aCR states (black
numbers, and tree colour coding) were mapped onto a consensus phylogeny of
arepresentative sample of extant SodFMs with experimentally verified aCRs.
Ultrafast bootstrap support values were presented for the key nodes (grey
numbers) g. The frequency distributions of the ancestral SodFML1 (left panel)
and SodFM2 (right panel) aCR state estimates from Bayesian analyses were
presented as density plots on alog scale. Bayesian MCMC estimates from anc.
Bayes function (PhyTools, bottom panel) were estimated from the consensus
phylogeny (f). To account for the uncertainty of the phylogeny (f) BayesTraits
analysis (top panel) was performed using 20,000 locally optimal trees generated
withIQtree.
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Extended Data Fig. 3| Position and identity of the conserved water-
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grouping. a. Akey fragment of the multiple sequence alignment of
representative amino acid sequences from all five SodFM subfamilies. The
rectangles outline sequence regions that were removed in order to test the
robustness of the SodFM1-5 groupings. This enabled confirmation that the
distinct features of SodFM1-5s that are responsible for their grouping in protein
phylogenies are encoded in sequence regions outside of the water coordinating
GIn or His (Q/Hy;,0) and theirimmediate surroundings (black), and of the
sequence region corresponding to the variable structural feature within the
first two N-terminal a-helices (green) that distinguishes dimeric and tetrameric
SodFMs (Extended Data Fig. 2a). Arrowheads indicate metal-coordinating
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residues (turquoise), water-coordinating N-terminal GIn, Qe (blue); C-terminal
GIn, Qcerm (orange); C-terminal His, Heerr, (red). b. The protein tree of SodFMs
generated using a protein sequence alignment containing all regions of interest
is the same as that used in previous figures (Extended Data Fig. 2aand b). c-e.
Protein phylogenies generated after the removal of the regions containing the
water-coordinating residue (c), the region encompassing the tetramerisation
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(e) from the amino acid alignments (a) used to generate the trees. The overall
SodFM protein tree topology has beenretainedin all trees (b-e), indicating that
SodFMI1-5 subfamily sequence-determinants are encoded within regions outside
of the most apparent group-specific features.
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Extended DataFig. 4 | Investigating metal-preference and peroxide-
sensitivity of natural SodFMs. a-h, In-gel (a, c, e, g, i, k) and liquid (b, d, f, h, j,

1) activity assay on soluble protein extracts from E. coli BL21(DE3) AsodAAsodB
over-expressing SodFM1and SodFMSs (a, b), SodFM2s (c,d), SodFM3s (e, f),
SodFM4s (g,h).i-1. Experiments performed on expanded sampling of Bacteroidia
SodFM1s and SodFM2s (i,j), and alphaproteobacterial SodFM2s (k,I), of interest
identified in the bioinformatics analyses of metal-preference evolution. Proteins
were expressed following 4 hIPTG induction in M9 medium supplemented with
either 200 uM Fe (red) or 1 mM Mn (orange). Band patterns can be interpreted
following the examples presented in the Extended Data Fig. 10. Negative
controls consisted of the expression strain transformed with an empty vector
(pET22). Some SodFMs (grey) were expressed at higher levelsin E. coli BL21(DE3)
AsodAAsodB transformed with pRARELysS plasmid over-night (O/N) at16 °C.
Allin-gel activity assays (in-gel, and in-gel + H,0,) are native polyacrylamide
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gels, and all Coomassie blue-stained protein gels (SDS) are denaturing gels.
Theidentity of the water-coordinating residue (H,0,.rq) and that of the residue
Xp., for each of the tested enzymes were annotated under the gels. Liquid SOD
activity assay (b, d, f, h, j, 1) was performed on the samples presentedin(a, c, e, g,
i, k). Bars represent average enzyme activities from assay performed in triplicate
and are presented in a stacked format, therefore the total bar hight represents
the sum of Fe- and Mn-activities, and the line separating the top bars (Mn activity,
orange) from the bottom bars (Fe activity, red) can be interpreted as representing
arelative proportion of the activity with each metal (cambialism ratio). Data

are presented as mean values + /- standard deviations of three replicates. The
presented values are expressed in U of SOD activity per mg of total protein
measured using BCA assay. Full gels including molecular weight markers were
includedin Supplementary Data10.
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Extended Data Fig. 5| Cambialism has evolved multipleindependent times
from two distinct SodFM subfamilies in Bacteroidales. a. An enlarged version

ofthe species tree of Bacteroidales (Fig. 3a) extracted from the tree of life (Fig. 1a).

Colour-coded circles represent the presence of SodFM1 (pink), SodFM2 (blue),
CuSOD (yellow), NiSOD (green), or SOR (orange). Coloured rectangles display
experimentally verified aCRs (Fig. 2a, and Extended Data Fig. 4) for SodFM1and
SodFM2s. Red dashed line (a) outlines the lineages with SodFM2s containing
ahallmark of higher Mn-preference, residue Gp,. Coloured triangles indicate
inferred ancestral Fe/Camb- (red), or Mn/Camb-switching (blue), and likely LGT
(green) events. The likely source (dashed black line) and direction (arrowhead)

of the LGTs were inferred based on the SodFM2 protein tree topology (b).
Selected species names were colour coded to enable comparisons between the
species tree (a) and the protein trees (b and d). b-d. Enlarged fragments of the
tree of all SodFMs (Fig. 2a) containing Bacteroidia SodFM2s (b) and SodFM1s (c
and d). Annotations correspond to those used in the species tree (A). Branches
corresponding to SodFM1sequences from classes of Bacteroidota and those
from closely related Ignavibacteria were colour coded (c and d), whereas the
black branches correspond to SodFM1s from other taxa. The regions of the
SodFMl tree containing Bacteroidia sequences of interest were outlined with
green dashed lines (c), and their magnified versions were presented in (d).
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between the species tree (a) and the protein tree (b). b. Zoomed in fragments
ofthetree of all SodFMs (Fig. 2a) containing all SodFM2.4s. Annotations
correspond to those used in the species tree (a). The letters mapped onto the
protein tree (positions 147,160, and 167; numbering as described in Extended
Data Fig. 8) correspond to the SodFM2.4-specific residues identified in the amino
acid correlation analysis (Extended Data Fig. 8a). The overall topology of the
proteintree (b) resembles that of the species tree (a), consistent with ancient
acquisition of aSodFM2.4 (large pink triangle, and Fig. 3F) with anincreased
Mn-preference followed by vertical inheritance. Grouping of the Fe-preferring
SodFM2.4s (blue triangles) alongside the closely related canonical SodFM2.4s
provides further support for the hypothesis that the Fe-preferring SodFM2.4s
represent evolutionary reversion to their ancestral Fe-preference.
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Extended Data Fig. 7| Structural investigation of SodFM mutants with mutant (Extended Data Fig. 9¢,d). i. General secondary structure topology
changed metal-preference. a-h. Overall architecture (a, ¢, e, g) and enlarged diagram of SodFMs displaying the position of the key residues involved in: metal
view of the catalytic centre (b, d, f, h) of B. fragilis wild type (WT) camb-SodFM2 coordination (H/Dgy, black), metal-preference determination X, , (yellow),
(a,b), its Fe-G,,T,Fp.,C mutant (c, d), and CPR Wolfebacteria Fe-SodFML (e, f) and two alternative locations of catalytic water coordinating H/Q within
and its camb-H/Q,V,,,G mutant (g, h). The grey mesh surrounding stick either C-terminal (Hcierm/Qcerm Magenta) or N-terminal (Qyerm, blue) domains.
representations of residues of interest correspond to 2Fo-Fc electron density Cylinders represent a-helices and arrows represent 3-strands. j. Analytical size-
map in the solved structures. Spheres represent iron (orange), manganese exclusion chromatography of WT CPR Wolfebacteria Fe-SodFML. The protein
(blue), and water (red) molecules. B. fragilis structure was solved for double elution pattern (j) is consistent with the homodimeric architecture observed
Gp.,T,Fp,C mutant for consistency with previously solved structures of S. aureus inits crystal structure (e) despite containing water-coordinating His residue

SodFM mutants (PDB 6qv8, and 6qv9). The mutation F,;C had no apparent common in homotetrameric SodFM3s/SodFM4s.
effect on metal-preference compared to that of the B. fragilis G, , T single
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Extended Data Fig. 8 | Signatures of metal-preference switching canbe circle), one of which was the key metal-preference determinant X, (Figs. Icand

detected in amino acid correlation analysis of SodFM2 subfamily members.
a.Residuesidentified in amino acid correlation analysis of SodFM2s were colour

coded and mapped onto the SodFM2 protein phylogeny as separate semi-circles.

Multiple amino acid correlation groups with distinct distribution patterns
across the SodFM2 tree were identified. The alphaproteobacterial SodFM2.4s
constituted the most distinct subgroup of SodFM2s, which grouped closely with
eukaryotic chloroplast SodFM2.3s and Cyanobacterial SodFM2.2s. Alongside
Bacteroidales SodFM2.6, SodFM2.4s also represented one of the two groups
with strong patterns of evolutionary metal-preference switching (black elliptical
outlines) identified in our dataset. Characteristically in these two groups,
residues from the first correlation group (innermost magenta semi-circles) were
oftenreplaced with those from the second group (the innermost green semi-

2¢). The top ring (black) indicates SODs with available crystal structures. Species
names and the outermost semi-circle (orange) indicated the SODs withaCR
values experimentally verified in this study (Fig. 2a). b. Sequence logos of each
SodFM2 sub-group, withamino acid correlation groups mapped onto the logos
as coloured semi-circles. Within the analysed SodFM2 alignment residue Xp,, is at
position 160. Black arrows indicated two highly distinct His residuesidentified in
SodFM2.5, which contained many sequences from diverse Eukaryotic microbial
pathogens including Plasmodium falciparum, Toxoplasma gondii, Trypanosoma
brucei, and Cryptosporidium parvum. Arrowheads under each logo signify metal
coordinating residues (magenta), catalytic water coordinating Qym (Orange),
and theresidue X, (green).
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Extended Data Fig. 9 | Testing the effects of mutagenesis of key secondary
coordination sphere residues on metal-preference of SodFMs. a-1, In-gel
(a,c,e,g,i,k)andliquid (b, d, f, h,j, 1) activity assay on soluble protein extracts
from E. coli BL21(DE3) AsodAAsodB over-expressing SodFM mutants and

wild type (WT) controls. a,b S. aureus cambialistic SodFM1 (SodM), and

its Xp, mutants, and canonical S. aureus Mn-SodFM1 (SodA) representing
likely ancestral state of the SodA/SodM last common ancestor. ¢,d B. fragilis
cambialistic SodFM2, and its X, mutants. The X, residues substituted in

B.fragilisand S. aureus SodFM mutants (a,d) were selected based on residues
found in other natural enzymes at this position (Fig. 2b). e-1, Mutants of: SodFM1s
and Homo sapiens SodFMS (e,f), SodFM2s (g,h), SodFM4s (i,j), SodFM3s (k,1).

m, Mutagenesis of SodFM2.4-specific residues (Extended Data Fig. 8) in A.
tumefaciens Mn-SodFM2.4. The results were analysed and presented as described
in Extended Data Fig. 4. 1dentity of the mutated residues were indicated

above the gels. Full gels including molecular weight markers were included in
Supplementary File10.
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Extended Data Fig. 10 | Combination of astandardised SOD activity assay
with SodFM-free protein expression strain provides areliable method for
metal-preference determination. a. Examples of in-gel activity assay results
(in-gel) for Fe-, Mn-, and cambialistic-SodFMs with common indicators of each
metal-preference and resistance to peroxide (H,0,). b. In-gel SOD activity assay
on total protein extracts from wild-type (WT) E. coli BL21(DE3) overexpressing
SodFMs(EcSodA and EcSodB, and SaSodA and SaSodM) in the presence of

Fe (red) or Mn (orange). Samples contain endogenous EcSodA (turquoise
arrowheads) and EcSodB (purple) expressed from the WT genome, as well

as numerous heterodimeric forms (magenta) assembled from monomers of
EcSodA, EcSodB, and the overexpressed enzymes. c,d. To address the issue of
the contaminating endogenous E. coli SodFMs, we generated E. coli BL21(DE3)
AsodAAsodB clean double knock out strain (AAsodAB). No endogenous
SodFM activity bands were observed in total protein extracts from AAsodAB

(c, right lane) and in those from AAsodAB overexpressing SodFM isozymes

(d, E. coliSodA and S. aureus SodM) in the presence of Fe (red) or Mn (orange),
and a negative control transformed with empty plasmid (pET22a). e. In-gel
activity assay on soluble protein extracts from SodFM (SaSodA, and SaSodM)
expressing AAsodAB cultured in the presence of varying metal concentrations
added to the M9 medium indicates that metal supplementation is required

to metal-load overexpressed SodFMs. Experiments 7a-7d constituted routine
controls and were reproduced more than three times, experiment 7e was
independently reproduced two times. f. Comparison of aCR values estimated
from the liquid SOD assay on soluble protein extract (liquid aCR), aCR from
in-gel band intensities using the same samples (in-gel aCR), and ‘true’ CR
samples calculated using metal-verified protein preparations generated here
(this study) or from the previously published data (literature data, where ‘?’
represents unreported values).
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