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Abstract

Recent advances in Al-based protein structure modeling have yielded remarkable
progress in predicting protein structures. Since structures are constrained by their
biological function, their geometry tends to evolve more slowly than the underlying
amino acids sequences. This feature of structures could in principle be used to
reconstruct phylogenetic trees over longer evolutionary timescales than
sequence-based approaches, but until now a reliable structure-based tree building

method has been elusive. Here, we demonstrate that the use of structure-based
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phylogenies can outperform sequence-based ones not only for distantly related
proteins but also, remarkably, for more closely related ones. This is achieved by
inferring trees from protein structures using a local structural alphabet, an approach
robust to conformational changes that confound traditional structural distance
measures. As an illustration, we used structures to decipher the evolutionary
diversification of a particularly challenging family: the fast-evolving RRNPPA quorum
sensing receptors enabling gram-positive bacteria, plasmids and bacteriophages to
communicate and coordinate key behaviors such as sporulation, virulence,
antibiotic resistance, conjugation or phage lysis/lysogeny decision. The advent of
high-accuracy structural phylogenetics enables myriad of applications across
biology, such as uncovering deeper evolutionary relationships, elucidating unknown

protein functions, or refining the design of bioengineered molecules.

Introduction

Since Darwin, phylogenetic trees have depicted evolutionary relationships among
organisms, viruses, genes, and other evolving entities, enabling an understanding of
shared ancestry and tracing the events that led to the observable extant diversity.
Trees based on molecular data are typically reconstructed from nucleotide or
amino-acid sequences, by aligning homologous sequences and inferring the tree
topology and branch lengths under a model of character substitution'™. However,
over long evolutionary time scales, multiple substitutions occurring at the same site
cause uncertainty in alignment and tree building. The problem is particularly acute
when dealing with fast evolving sequences, such as viral or immune-related ones, or
when attempting to resolve distant relationships, such as at the origins of animals*®
or beyond.

In contrast, the fold of proteins is often conserved well past sequence signal
saturation. Furthermore, because 3D structure determines function, protein
structures have long been studied to gain insight into their biological role within the
cell whether it be catalyzing reactions, interacting with other proteins to form

complexes or regulating the expression of genes among a myriad of other functions.
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Until recently, protein structures had to be obtained through labor intensive
crystallography, with modeling efforts often falling short of the level of accuracy
required to describe a fold for the many tasks crystal structures were used for. Due
to these limitations, structural biology and phylogenetics have developed as largely
separate disciplines and each field has created models describing evolutionary or
molecular phenomena suited to the availability of computational power and
experimental data.

Now, the widespread availability of accurate structural models’® opens up
the prospect of reconstructing trees from structures. However, there are pitfalls to
avoid in order to derive evolutionary distances between homologous protein
structures. Geometric distances between rigid body representations of structures,
such as root mean square deviation (RMSD) distance or template modeling (TM)
score®, are confounded by spatial variations caused by conformational changes™ .
More local structural similarity measures have been proposed in the context of
protein classification'®, but due to the relative paucity of available structures until
recently, little is known about the accuracy of structure-based phylogenetic
reconstruction beyond a few isolated case studies'?®,

Here, we report on a comprehensive evaluation of phylogenetic trees
reconstructed from the structures of thousands of protein families across the tree of
life, using multiple kinds of distance measures. We built trees from structural
divergence measures obtained using Foldseek™, which outputs scores from rigid
body alignment, local superposition-free alignment and structural alphabet based
sequence alignments. The performance of these measures has been previously
assessed on the task of detecting whether folds are homologous and belong to the
same family'*'®, but have never been benchmarked with regards to how well they
perform as evolutionary distances. Remarkably, we found that the structural
alphabet-based measure outperforms phylogenies from sequence alone even at
relatively short evolutionary distances. To demonstrate the capabilities of structural
phylogenetics, we employ our methodology, released as open-source software

named Foldtree, to resolve the difficult phylogeny of a fast-evolving protein family of

high relevance: the RRNPPA (Rap, Rgg, NprR, PIcR, PrgX and AimR) receptors of
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communication peptides. These proteins allow gram-positive bacteria, their
plasmids and their viruses to assess their population density and regulate key
biological processes accordingly. These communication systems have been shown
to regulate virulence, biofilm formation, sporulation, competence, solventogenesis,

=21 conjugation in

antibiotic resistance or antimicrobial production in bacteria
conjugative elements, lysis/lysogeny decision in bacteriophages®® and host
manipulation by mobile genetic elements (MGEs)'®?*. Accordingly, the RRNPPA
family has a substantial impact on human societies as it connects to the virulence
and transmissibility of pathogenic bacteria and the spread of antimicrobial
resistance genes through horizontal gene transfers. We analyze and discuss the
parsimonious characteristics of the phylogeny of this family, highlighting the

contrasts with the sequence-based tree.

Results

Structural trees outperform sequence based trees at both short and long
evolutionary divergence times

To find a structural distance metric with high informative phylogenetic signal, we
investigated the use of local superposition-free comparison (local distance
difference test; LDDT'), rigid body alignment (TM score®) and a distance derived
from similarity over a structural alphabet (Fident)'®. These measures were used to
compute distance trees using neighbor joining, after being aligned in an all-vs-all
comparison using the Foldseek structural alphabet (Methods).

Assessing the accuracy of trees reconstructed from empirical data is
notoriously difficult. We used two complementary indicators. The first one,
taxonomic congruence score (TCS) (Methods and Supplementary Figures 1-2),
assesses the congruence of reconstructed protein trees with the known taxonomy?.
Among several potential tree topologies reconstructed from the same set of input
proteins, the better topologies can be expected to have higher TCS on average.

For trees reconstructed from closely related protein families using standard

sequence alignments, both local structure LDDT and global structure TM measures
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showed poorer taxonomic congruence than sequence-based trees on average
(Figure 1a). By contrast, trees derived from the Fident distance (henceforth referred
to as the Foldtree measure) outperformed those based on sequence. The difference
was even larger if we excluded families for which the Alphafold2-inferred structures
are of low confidence (Figure 1b). This trend was observed consistently across
various protein family subsets, taken from clades with different divergence levels
(Supplementary Figure 8). We also experimented with statistical corrections and
other parameter variations, but they did not lead to further improvements
(Supplementary Figures 4-9).

We then assessed the Foldtree measure’s performance against
sequence-based trees over larger evolutionary distances, using structure-informed
homologous families from the CATH database®. This database classifies proteins
hierarchically, grouping them based on Class, Architecture, Topology and
Homology of experimentally determined protein structures. We examined both
proteins from the same homology set as well as proteins within the same topology
sets (Methods). Efforts were made to correct structures with discontinuities or other
defects before treebuilding (Methods) since these adversely affect structural
comparisons. With this more divergent CATH dataset, structure-based methods
performed better overall. Foldtree outperformed the sequence-based method even
more (Figure 1c). Results for LDDT versus sequence flipped in favour of LDDT,
while results for the global TM measure remained inferior to sequence
(Supplementary Figure 9).

To delve deeper into the reasons for these performance differences, we
applied a gradient-boosted decision tree regressor® on features derived from the
input structures and taxonomic lineages of the input protein sets, aiming to predict
the TCS difference (Supp Methods Table 1). We found that features measuring the
confidence of the AlphaFold structure prediction (predicted LDDT or pLDDT)
emerged as significant factors in the analysis (Supplementary Figure 3). This
suggests that advancements in structural prediction might further benefit structural

trees in the future.
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To validate our findings using an entirely different indicator of tree quality, we
assessed the “ultrametricity” of trees—how uniform a tree’s root-to-tip lengths are
for all its tips, akin to following a molecular clock. Although strict adherence to a
molecular clock is unlikely in general, it is reasonable to assume that distance
measures resulting in more ultrametric trees on average (i.e., with reduced
root-to-tip variance, see Methods) are more accurate’’. We found that in the
sequence-based family dataset, Foldtree trees had by far the lowest root-to-tip
variance of all approaches (Figure 1d). The difference was so pronounced that it is
evident in visual comparison of tree shapes for several randomly chosen families
(Figure 1e). Foldtree performed the best of all metrics and sequence-based trees

the worst.
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Figure 1 a) Trees using the Foldtree metric exhibit higher taxonomic congruence than sequence
trees on average (protein families defined from sequences); by contrast, structure trees from LDDT
and TM underperform sequence trees; b) After filtering the input dataset for structural quality
(families with average pLDDT structure scores > 40) , the proportion of Foldtree trees which have a
greater normalized congruence than sequence-based trees increased from 48% to 53%;
Foldtree metric on the CATH dataset of structurally defined families using experimental structures

c) the
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outperforms sequence trees to an even greater proportion; d) The variance of normalized
root-to-tip distances were compiled for all trees within the OMA dataset for all tree structural tree
methods and sequence trees. Foldtree has a lower variance than other methods. The median of
each distribution is shown with a vertical red line. Distributions are truncated to values between O
and 0.2; e) A random sample of trees is shown where each column is from from equivalent protein
input sets and each row of trees is derived using a distinct tree building method.

Both of the orthogonal metrics of ultrametricity and species tree discordance
indicate that Foldtree produces trees with desirable characteristics that are ideal for

constructing phylogenies with sets of highly divergent homologs.

Foldtree reveals the evolutionary diversification of RRNPPA communication
systems

To illustrate the potential of structural phylogenies, we reconstructed the intricate

evolutionary history of the RRNPPA family of intracellular quorum sensing receptors

in gram-positive Bacillota bacteria, their conjugative elements and temperate

bacteriophages'?"%,

These receptors, vital for microbial communication and
decision-making, are paired with a small secreted communication peptide that
accumulates extracellularly as the encoding population replicates. Once a quorum
of cells, plasmids or viruses is met, communication peptides get frequently
internalized within cells and binds to the tetratricopeptide repeats (TPRs) of cognate
intracellular receptors, leading to gene or protein activation or inhibition, facilitating
a coordinated response beneficial for a dense population. The density-dependent
regulations of RRNPPA systems control behaviors like bacterial virulence, biofilm
formation, sporulation, competence, conjugation and bacteriophage lysis/lysogeny

721" Although these receptors were identified in the early 1990s?°*°, their

decisions
evolutionary history is unclear due to frequent mutations and transfers, making
sequence comparisons challenging®®®"*, This is reflected by the nomenclature of
the family: RRNPPA is an acronym for Rap, Rgg, NprR, PIcR, PrgX and AimR, which
were historically described as six different families of intracellular receptors, and of
which only structural comparisons allowed to establish the actual consensus on

28,33,34

their common evolutionary origin Recently, a pioneer work combining
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structural comparisons among folds and sequence-based phylogenetics have
provided insights among some of these families?®®, but a comprehensive
reconstruction of the evolutionary history of this family that includes all described

subfamilies'® remains elusive.

The Foldtree structure-based phylogeny illuminates key evolutionary features
of the diversification of RRNPPA communication systems that could not be resolved
based on sequences (Figure 2). The evolutionary trajectory it implies is more
parsimonious in terms of subfamily classification, taxonomy, functions, and protein
architectures than a phylogeny obtained with a state-of-the-art sequence-based
method (details in Supplementary Figure 9). In particular, the structure-based
phylogeny implies that folds composed of 9 tetratricopeptide repeats (TPRs) and
folds composed of 5 TPRs emerged only once while the sequence-based tree
implies a less plausible scenario of convergent evolution of two clades toward

5-TPR protein architectures.
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Figure 2. Phylogeny of cytosolic receptors from the RRNPPA family paired with a communication
propeptide. a) Functional diversity of the RRNPPA family. The MAD root separates paralogs of
Anoxybacter fermentans with a singular architecture from the other canonical RRNPPA systems.
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Subfamilies with experimental validation of at least one member are highlighted in color. Other
subfamilies correspond to high-confidence candidate subfamilies detected with RRNPP_detector
in '°. Biological processes experimentally shown to be regulated in a density-dependent manner
by a QS system are displayed for each validated subfamily. Subfamilies in gray correspond to
novel, high-confidence candidate RRNPPA subfamilies from'. A star mapped to a leaf indicates a
predicted regulation of an adjacent biosynthetic gene cluster by the corresponding QS system. b)
Main implied events of the tree, with normalized branch length for visualization purposes (the
events that are implied from alternate roots are shown in Supplementary Figure 10). ¢) Distribution
and prevalence of the different members of each RRNPPA subfamily into the different taxonomic
families. d) Genomic orientation and encoding element of the receptor - adjacent propeptide pairs.
e) The first colorstrip indicates the domain architecture of each receptor. A representative fold for
each domain architecture is displayed in the legend (AlphaFold models of subfamily 27, NprR, Rap
and PIcR, respectively) with an indication of the implied events from panel a) at the origin of each
fold/architecture. The second colorstrip gives the degeneration score of TPR sequences of each
receptor (given as 1 - TprPred_likelihood, as in*). The histogram shows the length (in amino-acids)
of each receptor.

The minimal ancestor deviation (MAD) method placed the root right next to
receptors encoded by Anoxybacter fermentans DY22613, a piezophilic and
thermophilic endospore-forming bacterium from the Clostridia class isolated from a
deep-sea hydrothermal vent. These proteins exhibit a unique domain architecture
lacking the DNA-binding HTH domain and harboring 7 TPRs (Table S1). Their
singular architecture, and the proximity to the MAD root lead us to infer
Anoxybacter’s receptors as the outgroup of all other RRNPPA systems (Figure
2a-b). This suggests that the early history of canonical RRNPPA systems could have
been linked to extremophile endospore-forming Bacillota and may have started with
a gain of a N-terminal HTH DNA binding domain, enabling to coupling quorum
sensing with transcriptional regulation (Figure 2e). We considered alternative rooting
scenarios (Supplementary Figure 11) but only the MAD rooting implies a unique
origin of receptors with non-degenerated TPR sequences that predates the last
common ancestor of each clade of receptors with degenerated TPRs (Figure 2e), in

line with Declerck et al.’s conjecture®.

The widespread distribution of sporulation-regulation on the tree (Figure 2a)
suggests that the early history of the 9 TPRs group may have been linked to the
regulation of the costly differentiation into a resistant endospore in extremophile
spore-forming taxa from the Clostridia (Biomaibacter acetigenes, Sulfobacillus

thermotolerans, Thermoanaerobacter italicus) and Bacilli (Alicyclobacillaceae and

11
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Thermoactinomycetaceae families) classes (Table S1). Consistently, the NprR
subfamily is suggested to have diversified first in extremophile spore-forming
Bacillaceae (Psychrobacilli, Halobacilli, Anoxybacilli etc.) and Planococcaceae
(Sporosarcina, Planococcus antarticus, halotolerans, glaciei etc.) (Table S1). The
Rap clade, exclusively found in Bacillus and Alkalihalobacillus genera, is nested
within NprR, and is inferred to have diverged from the same ancestral gene as that
of NprR receptors found in Halobacilli, Geobacilli, Virgibacilli, Oceanobacilli and
Bacilli from the Bacillus cereus group (Table S1). This indicates that the absence of
the N-terminal HTH domain observed in Rap receptors originates from a loss of the

[’®. However,

ancestral domain (Figure 2e), as previously reported by Felipe-Ruiz et a
many Rap receptors have retained the ability to regulate sporulation, but only
through protein inhibition of the SpoOF-P and ComA regulators, rather than through
transcriptional regulation®. The Rap clade is characterized by a wide occurrence in
MGEs, consistent with the high rate of horizontal gene transfers described for this
subfamily®*. The MGE distribution in the Rap clade is polyphyletic, suggesting
frequent exchanges of these communication systems between the host genome,
phages and conjugative elements (Figure 2d). The QssR validated clade is specific
to solventogenic Clostridiaceae (Figure 2a-c) while its sister clade (subfamily 09) is
specific to pathogenic Clostridium such as C. perfringens and C. botulinum, which

may indicate a novel link between quorum sensing and pathogenesis in these taxa

of medical relevance that may warrant further investigation.

AloR and AimR members appear to be the most diverged representatives of
the HTH-9TPRs architectural organization. Consistently, their TPR sequences
harbor signs of degeneration, which is especially true in the AimR clade, consistent
with its specificity to Bacillus phages, since viruses evolve at higher evolutionary
rates (Figure 2f). The AimR receptors supporting phage-phage communication are
adjacent to non-viral communication systems from subfamily 21, found in the
chromosome of Alkalihalobacillus clausii or lehensis. For the first time, the structural
phylogeny reveals that the AimR-subfamily 21 clade is evolutionary close from

Paenibacillaceae receptors from the AloR subfamily prevalent in the Paenibacillus
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genus and the candidate subfamily 08 predominantly found in the Brevibacillus
genus (Figure 2). Subfamily 08, AloR and AimR are suggested to form a
monophyletic group with a presumable Paenibacillaceae ancestry. This is supported
by systems from Paenibacillus xylanexedens and Brevibacillus formosus position in
the outgroup, close to the QssR subfamily (Figure 2a, Table S1). Remarkably, the
cognate communication peptides of AimR receptors from the Bacillus cereus group
are highly similar to that of subfamily 08, with the presence of the DPG amino-acid
motif in the C-terminal (Table S1). Our results therefore suggest that a QSS similar
to the ancestor of the AloR-subfam08 clade was co-opted by a temperate phage to
regulate the lysis/lysogeny decision. This successful functional association has
spread in Bacillus phages and led to the AimR clade. The numerous phage- and

prophage-encoded systems from the subfamily 08 support this hypothesis'®.

The proteins composed of 5 TPRs are suggested to have emerged from the
loss of 4 TPRs in the C-terminus, drastically shortening their length (Figure 2b,
Figure 2e), although other evolutionary scenarios that do not imply such loss exist
as well® (Supplementary Figure 10). The 5 TPRs group is divided in two sister
clades: one with a wide taxonomic range composed of PIcR, TprA and their
outgroup (Figure 2a and Figure 2c), the second including PrgX, TraA, ComR and
Rgg validated subfamilies, specific to non-spore forming Lactobactillales. The
emergence of the 5TPRs clade is associated with fundamental functional shifts.
First, receptor-propeptide orientations are highly diversified compared to the
HTH-9TPRs group (Figure 9d). These heterogeneous orientations correlate with
functional changes as receptors divergently transcribed from their propeptide tend
to repress target genes while co-directional receptors tend to activate them?®.
Second, the diversification of the PrgX-ComR-Rgg clade was accompanied with an
important diversification of propeptide secretion modes: their cognate propeptides
are exported through the alternative PptAB translocon rather than through the SEC

translocon'’28

and it has even been shown that a paralog of Rgg in S. pyogenes is
paired with a functional leaderless communication peptide that lacks a signal

sequence for an export system, highlighting that another secretory process of
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communication peptides emerged in the clade®. Last, the biological processes
controlled by these communication systems are not linked to cellular dormancy or
viral latency, but rather to the production of virulence factors and antimicrobials?'.
This is mirrored by the substantial number of syntenic biosynthetic gene clusters
(BGCs) predicted to be regulated by TprA and Rgg members (Figure 2a)™.
Consistently, the primary role of members of the HTH-5TPRs clade may be to
assess the threshold population density at which a collective production of
biomolecules starts to be ecologically impactful and becomes the most evolutionary
advantageous strategy, with a few exceptions such as the regulation of competence

by ComR or conjugation by PrgX.

Discussion
As early as 1975, Eventoff and Rossmann employed the number of structurally
dissimilar residues between pairs of proteins to infer phylogenetic relationships by
means of a distance method®. This approach has been revisited to infer deep
phylogenetic trees and networks using different combinations of dissimilarity
measures (e.9., RMSD, Q... Z-score) and inference algorithms'23%3,
Conformational sampling has been proposed to assess tree confidence when using
this approach'’. Some models have been developed that mathematically describe
the molecular clock in structural evolution** or integrate sequence data with
structural information to inform the likelihood of certain substitutions®. Other
studies have modeled structural evolution as a diffusion process in order to infer
evolutionary distances*, or incorporating it into a joint sequence-structure model to
infer multiple alignments and trees by means of bayesian phylogenetic analysis*’®.
To date, the quality of structure-based phylogenetics, especially compared to
conventional sequence-based phylogenetics, has remained largely unknown,
limiting its use to niche applications.

The extensive empirical assessment reported here, using two orthogonal

indicators of tree quality, demonstrates the high potential of structure-based

phylogenetics. The taxonomic congruence score (TCS) measures agreement with
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the established classification. Individual gene trees can be expected to deviate
substantially from the underlying species tree due to gene duplication, lateral
transfer, incomplete lineage sorting, or other phenomena. However, the evolutionary
history of the underlying species will still be reflected in many parts of the
tree—which is quantified by the TCS. All else being equal, tree inference
approaches which tend to result in higher TCS over many protein families can be
expected to be more accurate. On this metric, we obtained the best trees using
Foldtree, which is based on Foldseek’s structural alphabet, and an alignment
procedure combining structural and sequence information. Furthermore, after
filtering lower quality structures out of the tree building process, tree quality
improved further when compared to sequence-based trees (Figure 1.b), indicating
that higher confidence models with accurate structural information provide better
phylogenetic signal.

When considering the ultrametricity through the root-to-tip variances of the
trees, the Foldtree trees adhered more closely to a molecular clock than other
structural or sequence trees. We acknowledge that in and of itself, adherence to a
molecular clock is only a weak indicator of tree accuracy. Nevertheless, considering
the clear, consistent differences obtained, and the agreement with the TCS criterion,
the ultrametricity appears to reflect meaningful performance difference among the
tree inference methods.

Folds evolve at a slower rate than the underlying sequence mutations*®*.
Structural distances are therefore less likely to saturate over time, making it possible
to recover the correct topology deeper in the tree with greater certainty. This could
be observed in our results on the distant, structurally defined CATH families.
Interestingly, however, Foldtree distinguished itself even at divergence times when
homology is identifiable using sequence to sequence comparison. It is thus both
fine grained enough to account for small differences between input proteins at
shorter divergence times, overcoming the often mentioned shortcoming of structural
phylogenetics, and more robust than sequence comparison at longer evolutionary

distances.
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As the projection of each residue onto a structural character is locally
influenced by its neighboring residues rather than global steric changes, Foldseek’s
representations of 3D structures are well suited to capture phylogenetic signals
when comparing homologous proteins. In contrast, global structural similarity
measures are confounded by conformational fluctuations which involve steric
changes that are much larger in magnitude than the local changes observed
between functionally constrained residues during evolution. Moreover, since
Foldseek represents 3D structures as strings, the computational speed-ups and
techniques associated with string comparisons implemented in MMsegs®' can be
applied to structural homology searches and comparisons making the Foldtree
pipeline extremely fast and efficient.

Viral evolution, quickly evolving extracellular proteins and protein families with
histories stretching back to the first self replicating cells are among the many cases
that can be revisited with these new techniques. In our first study of a family using
Foldtree, we present just one such case, with the fast evolving RRNPPA family of
cytosolic communication receptors encoded by Firmicutes bacteria, their
conjugative elements and their viruses. The phylogeny reconstructed by Foldtree
includes, for the first time, all described RRNPPA subfamilies'. Remarkably, despite
their significant divergence, the underlying diversifying history is parsimonious in
terms of taxonomy, functions, and protein architectures (Supplementary Figure
10). The MAD rooting method flags a previously undescribed candidate outgroup
with a singular architecture of 7 TPRs and no DNA-binding domain in Anoxybacter
fermentans, which supports Declerck et al. speculation that the ancestral receptor
at the origin of the RRNPPA clade lacked the DNA-binding domain, and that the
latter was gained subsequently in the evolutionary history of the family. Declerck et
al. also speculated that the level of TPR degeneracy in receptors is a marker of
divergence from the last common ancestor of the family®®. In this respect, root to
tips lengths are remarkably uniform throughout the entire RRNPPA structural tree
with slight differences being meaningful, as the longest branches correspond to
receptors with degenerated TPR sequences (Figure 2e). Last, this rooting implies

that receptors with non-degenerated TPRs sequences emerged only once, and
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systematically involves a late emergence of clades with degenerated TPRs as a
derived state of an ancestor harboring non-degenerated TPRs (Figure 2e). Although
rooting is easier when a tree is more clock-like, there remains uncertainty regarding
the precise placement of the root. Our interpretation of MAD rooting and domain
architecture led us to infer an origin of the RRNPPA family linked to the regulation of
sporulation in extreme environments, implying also that 9 TPRs folds predate 5
TPRs folds. Yet, alternative rootings of the structural phylogeny cannot be ruled out,

28 or within the

with a root either within the HTH-5TPRs group as in
AloR-AimR-subfamily08 group (hypotheses displayed in Supplementary Figure
11). Additional, yet-to-be-discovered members of RRNPPA homologs could help

resolve the root with higher confidence.

Recently the fold universe has been revealed using AlphaFold on the entirety
of the sequences in UniProt and the ESM model® on the sequences in MGNIFY*2 to
reach a total of nearly one billion structures. The UniProt structures inferred by
AlphaFold have recently been systematically organized into sequence- and
structure-based clusters, shedding light on novel fold families and their possible
functions'*, In future work it may be desirable to add an evolutionary layer of
information to this exploration of the fold space using structural phylogenetics to

further refine our understanding of how this extant diversity of folds emerged.

In conclusion, this work shows the potential of structural methods as a
powerful tool for inferring evolutionary relationships among proteins. For relatively
close proteins, structured-based tree inference rivals sequence-based inference,
and the choice of approach should be tailored to the specific question at hand and
the available data. For more distant proteins, structural phylogenetics opens new
inroads into studying evolution beyond the “twilight” zone®. We believe that there
remains much room for improvement in refining phylogenetic methods using the
tertiary representation of proteins and hope that this work serves as a starting point
for further exploration of deep phylogenies in this new era of Al-generated protein

structures.
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Methods

No statistical methods were used to predetermine sample size.

OMA HOG selection for large scale benchmark
The OMA set of protein families consists of “root hierarchical orthologous groups”
(root HOGs) which are derived from all-vs-all sequence comparisons®. The quest

for orthologs benchmarking dataset®

consists of 78 proteomes.The 2020 release of
this dataset was used as input into the OMA orthology prediction pipeline®® (version
2.4.1). A random selection of at most 500 orthologous groups with at least 10
proteins were compiled for each group of HOGs that were inferred to have emerged
in different ancestral taxa (Bacteria, Bilateria, Chordata, Dikarya, Eukaryota,
Eumetazoa, Euteleostomi, Fungi, LUCA, Opisthokonta and Tetrapoda). The UniProt
identifiers of the proteins within each group were used as input to the Foldtree

pipeline.

CATH family selection for large scale benchmark

CATH structural superfamilies are constructed using structural comparisons and
classification?®. Each level of classification designates a different resolution of
structural similarity. These are delineated as Class, Architecture, Topology and
Homology. We chose to investigate tree quality using input sets within the same
homology classification as well as sets within the same topology. We selected a
random subsample of at most 250 proteins (or the number of proteins within the
family if there were less) from each family for 635 CATH families and 500 CAT
families. The Topology-based dataset is designated as CAT and the
Homology-based dataset is designated as CATH. Each CAT or CATH family contains
the PDB identifiers and chains of the structures they correspond to.

The PDB files were programmatically obtained from the PDB database. 3D
structures of monomers corresponding to the chain identified in the CATH
classification for each fold were extracted from PDB crystal structures using
Biopython. PDBfixer from the OpenMM®’ package was used to fix crystal structures
with discontinuities, non-standard residues or missing atoms before tree building

since these adversely affect structural comparisons.
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Structure tree construction

Sets of homologous structures were downloaded from the AFDB or PDB and
prepared according to the OMA and CATH dataset sections above. Foldseek' is
then used to perform an all vs all comparison of the structures.

Structural distances between all pairs are compiled into a distance matrix
which is used as input to quicktree®® to create minimum evolution trees. These trees
are then rooted using the MAD method®. Foldseek ( Version:
30fdcac78217579fa25d59bc271bd4f3767d3ebb ) has two alignment modes where
character based structural alignments are performed and are scored using the 3Di
substitution matrix or a combination of 3Di and amino-acid substitution matrices. A
third mode, using TMalign to perform the initial alignment was not used. It is then
possible to output the fraction of identical amino acids from the 3Di and amino acid
based alignment (Fident), the LDDT (locally derived using Foldseek’s
implementation) score and the TM score (normalized by alignment length). This
results in a total of 6 structural comparison methods. We then either directly used
the raw score or applied a correction to the scores to transform them to the
distance matrices so that pairwise distances would be linearly proportional to time
(Supplementary methods). This resulted in a total of 12 possible structure trees for
each set of input proteins. To compile these results, Foldseek was used with
alignment type 0 and alignment type 2 flags in two separate runs with the
‘--exhaustive-search’ flag. The output was formatted to include lddt and alntmscore
columns. The pipeline of comparing structure- and sequence-based trees is
outlined in Supplementary Figure 1.

Before starting the all vs all comparison of the structures we also
implemented an optional filtering step to remove poor AlphaFold models with low
pLDDT values. If the user activates this option, the pipeline removes structures (and
the corresponding sequences) with an average pLDDT score below 40, before
establishing the final protein set and running structure and sequence tree building

pipelines. We performed similar benchmarking experiments on filtered and unfiltered
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versions of the OMA dataset to observe the effect of including only high quality

models in the analysis.

Sequence based tree construction

Sets of sequences and their taxonomic lineage information were downloaded using
the UniProt API. Clustal Omega (version 1.2.4)%° or Muscle5 (version 5.0)°" was then
used to generate a multiple sequence alignment on default parameters. This
alignment was then used with either FastTree(version 2.1)%2 on default parameters or
IQ-TREE (version 1.6.12 using the flags LG+l) to generate a phylogenetic tree.
Finally, this tree was rooted using the MAD (version 1775932) method on default

parameters.

Taxonomic congruence metric for phylogenetic trees
Taxonomic lineages were retrieved for each sequence and structure of each protein
family via the UniProt API. It is assumed that the vast majority of genes will follow an
evolutionary trajectory that mirrors the species tree with occasional loss or
duplication events. The original development and justification for this score to
measure tree quality in an unbiased way can be found in the following work 4. In
this version of the metric we reward longer lineage sets towards the root by
calculating a score for each leaf from the root to the tip.

The agreement of the tree with the established taxonomy (from UniProt) can
be calculated recursively in a bottom up fashion when traversing the tree using
equation 1. Leaves of trees were labeled with sets representing the taxonomic

lineages of each sequence before calculating taxonomic congruence.
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Leaves

C(tree) = Z C(leaf)

C(z) = {is{lﬂ if x 1s root

|s(z)| + |s(z. ancestor)| if x is an internal node

where

il L(z), if x is a leaf
| s(z. Left) ) s(z. Right)) if x is an internal node

Equation 1- taxonomic congruence metric. This score is used to measure the
agreement of binary tree topologies with the known species tree. s(x) denotes the
set of lineages found in the tree node x. C(x) denotes the congruence score of
node x based on its two child nodes. L(x) denotes the labels of leaves. The total
score of a tree is defined as the sum of the leaf scores. The code to calculate this
metric is available on the git repository.

Both structure and sequence trees were rooted using the MAD method to
make TCS comparisons between the methods equivalent. To compare large
collections of trees with varying input set sizes, we normalized the congruence

scores of trees by the number of the proteins in the tree.

Ultrametricity quantification

Ultrametricity®® describes the consistency of tip to root lengths of a given
phylogenetic tree. If a tree building approach has an accurate molecular clock on all
branches, the amount of inferred evolutionary time elapsed between the root and all
of the extant species should be equivalent and proportional to real time. This would
imply that the sums of branch length along a lineage from the root to any tip of the
tree should be equivalent since the amount of clock time elapsed from the common

ancestor until the sequencing of species in the present day is the same.

21


https://paperpile.com/c/GQVU37/VGhl
https://doi.org/10.1101/2023.09.19.558401
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.09.19.558401; this version posted September 21, 2023. The copyright holder for this
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in
perpetuity. It is made available under aCC-BY-NC-ND 4.0 International license.

nleaves
E(rootdist) = Z dist(l;, root) /nleaves
=
nleaves
Srorm (rootdist) = Z (dist(l;,root) | E(rootdist) — 1)%/(nleaves — 1)

i=1

Equation 2- To derive a unified metric for ultrametricity that could easily be applied
to the trees generated by different methods, we normalized the branch lengths to
center the distribution of root to tip lengths at 1. We then measured the variance of
these normalized root to tip lengths. E(.) represents the average root to tip length
for a given tree. S,.,(.) represents the variance of these normalized root to tip
distances. dist(l,root) denotes the length of the tip (l;) to root.

To describe the ultrametricity of the different methods of structural tree
derivation, we measured the length of root-to-tip distances of a given tree (equation
2). We then normalized this collection of distances by their mean and calculated their
variance. We compiled this variance measurement for collections of trees with
corresponding input protein sets for all methods used to derive trees and compared
their distributions. Supplementary Figure 2 shows a visual representation of how

this score is calculated.

RRNPPA phylogeny

The metadata of “strict” known and candidate RRNPPA QSSs described in the
RRNPP_detector paper were fetched from TableS2 in the corresponding
supplementary materials'®. The predicted regulations by QSSs of adjacent BGCs
were fetched from TableS5. The propeptide sequences were downloaded from the
following Github repository:
https://qgithub.com/TeamAIRE/RRNPP_candidate propeptides_exploration_dataset.
The 11,939 receptors listed in TableS2 were downloaded from the NCBI Genbank

database, and redundancy was removed by clustering at 95% identity with CD-HIT®*,

yielding 1,418 protein clusters. The Genbank identifiers of the 11,939 receptors were
used as queries in the UniProt Retrieve/ID mapping research engine

(https://www.uniprot.org/id-mapping) to retrieve corresponding UniProt/AlphaFoldDB

identifiers. 768 protein clusters successfully mapped to at least one
UniProt/AlphaFoldDB identifier. The 768 predicted protein structures were

downloaded and Foldseek was used to perform an all vs all comparison. Based on
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our benchmarking results we used the Fident scores from a comparison using
amino-acid and 3Di alphabet alignment scoring (alignment mode 1 in Foldseek).
Since this family had undergone domain architecture modifications, we decided to
extract the structural region between the first and last positions of each fold where
80% of all of the other structures in the set mapped. With these core structures we
performed a second all vs all comparison. We again used the Fident scores
(alignment mode 1) and no statistical correction to construct a distance matrix
between the core structures. This matrix was then used with FastME®® to create a
distance based tree. The resulting tree was annotated with ITOL® using the
metadata available in Table S1. To derive the sequence-based phylogeny, we built a
multiple sequence alignment (MSA) of receptors, using mafft®” with the parameters
—maxiterate 1000 —localpair for high accuracy. The MSA was then trimmed with
trimAI® under the -automated 1 mode optimized for maximum likelihood
reconstruction. The trimmed alignment of 304 sites was given as input to IQ-TREE?
to infer a maximum likelihood phylogenetic under the LG+G model with 1000

ultrafast bootstraps.
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The homologue list of RRNPPA sequences and their metadata is available in the
RRNPPAIist.xls file. In the text it is referred to as Table S1.
2. Supplementary methods, results and discussion are found in the Sl section
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Code and Data availability

All UniProt identifiers necessary to replicate the experimental results are available on

Zenodo: https://doi.org/10.5281/zeno0do0.8346286

The Foldtree pipeline is available on github:

https://qithub.com/DessimozlLab/fold tree
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All metadata used to annotate the RRNPPA phylogeny are available in the

supplementary data file or on the Zenodo archive.
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