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ABSTRACT

The GDPD-like SMaseD/PLD domain family, which includes phospholipase D (PLD) toxins in
recluse spiders and actinobacteria, evolved anciently in bacteria from the glycerophosphodiester
phosphodiesterases (GDPD). The PLD enzymes retained the core (B/a)s barrel fold of GDPD,
while gaining a signature C-terminal expansion motif and losing a small insertion domain. Using
sequence alignments and phylogenetic analysis, we infer that the C-terminal motif derives from a
segment of an ancient bacterial PLAT domain. Formally, part of a protein containing a PLAT
domain repeat underwent fusion to the C terminus of a GDPD barrel, leading to attachment of a
segment of a PLAT domain, followed by a second complete PLAT domain. The complete
domain was retained only in some basal homologs, but the PLAT segment was conserved and
repurposed as the expansion motif. The PLAT segment corresponds to strands f7-8 of a -
sandwich, while the expansion motif as represented in spider PLD toxins has been remodeled as
an a-helix, a B-strand, and an ordered loop. The GDPD-PLAT fusion led to two acquisitions in
founding the GDPD-like SMaseD/PLD family: 1) a PLAT domain that presumably supported
early lipase activity by mediating membrane association, and 2) an expansion motif that
putatively stabilized the catalytic domain, possibly compensating for, or permitting, loss of the
insertion domain. Of wider significance, messy domain shuffling events can leave behind scraps
of domains that can be salvaged, remodeled and repurposed.

IMPACT AND IMPORTANCE

The basic architecture of proteins consists of functional and structural modules called domains
that can be mixed and matched by gene recombination and fusion during evolution. We show
that evolution can also subdivide these modules in creative ways, using remodeled scraps of

domains to build additions onto other domains.
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Introduction

Domains are basic modules of protein evolution and are commonly shuffled or recombined
between proteins as whole functional and structural units to yield diverse multidomain
architectures with an array of capabilities '-*. The structure of a classic, independently folded
domain is not cleanly divisible into smaller units, but depends on a cooperative, global network
of interactions. To shuffle incomplete domains between different proteins is generally disruptive,
especially if the recombination is not homologous. The evolution of protein architecture appears
to principally involve modular exchange of complete domains, which is easier and somewhat

more predictable in outcome.

Recombination involving parts of domains can happen, however, and has considerable potential
to generate molecular novelty. Domains have some internal modularity, being composed of
secondary structure elements and motifs that recur in different domains. Design and artificial
selection studies have shown that recombination between motifs or segments from completely
unrelated domains can yield chimeras with novel folded structures *°. Interestingly, the global
control of domain structure still asserts itself, such that the structure of a segment can be
remodeled and repurposed in unexpected ways when incorporated into a new domain 7. Credible
theories also posit that early in the history of life, domains originated by mixing and joining of
antecedent domain segments 8!, Finally, the potential exists both in design and evolution to
expand existing domains with little disruption by adding fragments of other domains. Despite the
creative potential of domain chimerism, however, it remains an open question what role, if any,
it plays in ongoing natural evolution. Here we provide evidence that chimerism aided the

evolution of a family of phospholipases through domain expansion.



The GDPD-like SMaseD/PLD family is a group of phospholipase D (PLD) enzyme domains
descended from the ubiquitous glycerophosphodiester phosphodiesterases (GDPD) >4 In a
previous phylogenetic study, we showed that this family arose anciently in bacteria and radiated
into a sparse, diverse collection of organisms, at least in part through ancient lateral gene transfer
15, Some extant members of the family are important necrotoxins and hemotoxins to mammals

and/or neurotoxins to invertebrates. These include recluse spider and scorpion toxins 618, as

well as toxins from pathogenic Corynebacteria and Arcanobacteria *°.

GDPD-like SMaseD/PLD toxins differ in function from their GDPD ancestors. First, the major
known SMaseD/PLD substrates include common membrane lipids such as sphingomyelin 2°,
while GDPDs principally act on nonlipid substrates such as glycerophosphocholine 2!. Multiple
members of both families have activity against lysophospholipids, however 2!-23, Second, the
PLD toxins catalyze conversion of the substrate to a cyclic phosphate by intramolecular attack of
a hydroxyl group at phosphorus 242, GDPD enzymes have been proposed to produce cyclic
phosphates as intermediates but then catalyze their hydrolysis in a second step 2’. Third, the PLD

30-34 and can damage or

toxins are extracellular enzymes '62%-282% that bind membrane surfaces
remodel them 3!-33-36, Classic bacterial GDPDs are cytoplasmic or periplasmic enzymes; as a

whole GDPDs vary widely in cellular localization and membrane association 2!,

Both GDPD and GDPD-like SMaseD/PLD domains fold as (/a)s barrels and have a similar
active site '>4, but also have several signature differences in structure (see Figure 1) !°. First, the
PLD domains conserve some version of a signature C-terminal expansion motif, which we and

others have proposed to stabilize or gird the domain structure '*37-3%, We originally dubbed it a



“plug” motif because it caps the end of the barrel opposite the active site '3; it has also been
termed a “tail” 3. Second, GDPD enzymes have a small insertion domain (GDPD-I) * that is
severely truncated in the PLDs and reduced to a short catalytic loop in spider toxins. The
function of GDPD-I is unknown, but the corresponding catalytic loop in the toxins comprises
part of the membrane interaction surface (i-face, or interfacial binding site) 3. Third, GDPD

enzymes have a longer Bal loop that interacts with GDPD-I 13,

PLD toxins in spiders and bacteria are single-domain enzymes, but some family members have
additional modules. In our previous phylogenetic analysis !°, we identified three major
subfamilies—Actinobacterial-toxin like (AT-like, including the bacterial toxins and many fungal
homologs), Sicariid-toxin like (ST-like, including the recluse spider toxins and homologs from
other chelicerates, corals and myriapods), and Aquatic (including ctenophore and other
homologs)—that derived from a paraphyletic group of microbial homologs at the base of the tree
(see Figure 1). Some of these “basal” homologs are fused to domains such as PLAT %° or
Bacterial Ig-like repeats 4! that may play roles in lipid interactions and cell surface adhesion.
PLAT domains in particular, which are distantly related to C2 domains *?, occur in the domain

43-45

architectures of some lipases and lipoxygenases , and PLAT and C2 domains commonly

mediate membrane association #6-3,

In an extension of our previous phylogenetic study of this family'®, we show that the common
ancestor of GDPD-like SMaseD/PLD enzymes was fused to a PLAT domain, and that the fusion

also supplied the signature C-terminal motif of the PLD domain. Remarkably, the motif derives

specifically from a segment of a second PLAT domain, indicating that the fusion event involved



a PLAT repeat protein and formally occurred inside the boundaries of a PLAT domain. The
structure of the motif in spider toxins differs from the structure adopted by homologous PLAT
segments. The PLAT repeat fusion likely both aided in membrane association of the nascent
lipase and also stabilized its catalytic domain. A broader insight is that heterologous
recombination can leave scraps of domains in the sequences of the resulting proteins; these

scraps can be salvaged and repurposed, in this case to build an addition onto an existing domain.

Results and Discussion

Updates of our previous GDPD-like SMaseD/PLD database reinforce the conclusion '° that
GDPD-like SMaseD/PLD domains originally evolved from GDPD domains in bacteria and
radiated widely through lateral gene transfer. A phylogenetic tree shows an expanded basal
group of microbial sequences from an extremely diverse array of bacteria along with a few
eukaryotes (fungi and diatoms) (Figure 1; Tables S1 and S2). There is little correlation between
taxonomic assignment and the tree structure of the basal group, pointing to extensive ancient
gene transfer between microbes. The three major derived subfamilies (AT-like, ST-like and
Aquatic) were each consistently recovered as monophyletic independent of our sequence

alignment approach, though placement of the AT-like group was highly unstable.

The early GDPD-like SMaseD/PLD proteins probably had multiple domains that aided these
newly evolved lipases in adhesion to membranes and other molecules on cell surfaces. In the
expanded database, 35 out of 45 of the basal group are multidomain proteins. In addition to the

PLD domain, we detected the following domains directly via batch searches of the Conserved

Domain Database: PLAT (cI00011), PUD1 2 (pfam18457), Pectate lyase 3 (cI40625),



DUF5011 (HYR) (cI03620) and Ricin (cI23784) (Table S3). Using FFAS03, we further
identified necrosis-inducing protein (pfam05630), thiol-activated cytolysin beta-sandwich
(cI38715), Ig_like Ice (cI14404), and carbohydrate-binding module family 6 (c114880) domains
(Table S4). By far the most common domain fusion observed involves PLAT domains, occurring

in 22 members of the basal group.

The ancestral GDPD-like SMaseD/PLD was likely fused to a single PLAT domain and lacked a
secretion signal. In a tree of the basal group (Figure 2A), the most recent ancestral node common
to all PLAT-bearing PLDs is the root of the entire basal group. A reasonable evolutionary trace
can be drawn (Figure 2A) involving an ancestral PLAT fusion that underwent several losses,
several duplications, and one putative permutation moving the PLAT domain from C terminus to
N terminus or vice versa. It is also conceivable that some of the PLD-PLAT fusions arose
convergently, but trees of the PLAT-bearing basal group derived from PLAT sequence appear
roughly congruent with those derived from the cognate PLD sequences (Figure 2C and 2B). The
PLAT-derived tree also suggests that some if not all of the PLAT repeats observed in basal PLDs
derive from PLAT duplications. These observations, coupled with the reasonableness of a
membrane association domain in a newly evolved lipase, support a working hypothesis that
fusion to a single PLAT domain was a foundational event in the evolutionary origin of the
GDPD-like SMaseD/PLD family. Interestingly, although 10 of 45 basal family members bear N-
terminal signal sequences as analyzed by SignalP 6.0 °!, none of the PLD-PLAT fusions do,
except for two that have highly divergent or degraded PLAT domains (Figure 2A). If the first
GDPD-like SMaseD/PLD was indeed fused to a PLAT domain, it may have been a cytoplasmic

protein.



It then occurred to us that fusion of a PLAT-containing protein to the C terminus of a GDPD
domain might have simultaneously supplied the signature C-terminal extension motif of GDPD-
like SMaseD/PLD domains (see Figure 1). We wondered whether the PLD C-terminal motif
might show recognizable similarity to regions flanking PLAT domains in known bacterial
PLAT-containing proteins. BLAST searches initiated from a PLD-PLAT fusion in Microcoleus
asticus, which lies closest to the root of the basal tree (see Figure 2), hit both single-domain and
multidomain PLAT-containing proteins, including some containing PLAT repeats. Interestingly,
BLAST alignments to several proteins with PLAT repeats not only spanned single PLAT
domains but also extended across domain boundaries to align part of a second PLAT repeat to
the PLD C-terminal motif (Figure 3). Moreover, the N-terminal boundaries of the BLAST
alignments coincided approximately with the C-terminal boundary of typical bacterial GDPD
domains (Figure 3). The C-terminal motif of GDPD-like SMaseD/PLD domains could thus
plausibly derive from a PLAT domain segment that arrived via fusion of part of a PLAT repeat

protein to a GDPD domain.

The C-terminal motif from the basal Microcoleus PLD domain is similar both to other PLD
motifs and PLAT segments and is intermediate in sequence between them, consistent with an
evolutionary link (Figure 4). It aligns well to C-terminal regions of bacterial PLAT domains used
as outgroups in rooting the PLD-PLAT tree (Figure 4A), and to the C-terminal motifs of other
basal GDPD-like SMaseD/PLD domains, which are similar to those in the derived toxins (Figure
4B). Sequence clustering at >40% identity also groups the bacterial PLAT fragments and most

basal PLD motifs into two clusters, which are unified by multiple transitive similarities,



primarily involving the Microcoleus sequence (Figure 4C); qualitatively similar results (not

shown) are obtained by clustering with CLANS?>? using matrix scoring.

For sequences this short, with ~40% sequence identity, it is challenging to establish firm
statistical support for homology using the traditional benchmarks of conditional E-values based
on searches of the entire nonredundant protein database. Instead, following an approach similar

5334 we determined database-independent

to that used in other recent studies of fragment sharing
E-values (and approximate P-values) from pairwise alignments to evaluate support relative to the
simplest alternative hypothesis of a random origin by piecemeal growth of the reading frame at
the C terminus. Statistical support for pairwise alignments between the Microcoleus PLD motif
and the other basal PLD motifs or bacterial PLAT C termini is significant for 15 of 39 PLAT
sequences and 15 of 44 PLD motifs tested individually (Table S5; by comparison to scores from
alignments of shuffled sequences, with normalized E-values < 0.01, corresponding
approximately to P < 0.01).3>7 For the PLAT C termini, the single best observed normalized E-
value is 5e-04, which corresponds to an E-value of .015 for a database size of 39; overall we see
5 hits with database-adjusted E-values < 0.1. For the basal PLD motifs, the best normalized E-
value is 7.5e-06, and the corresponding database E-value is 3e-04; overall we see 9 hits with
database-adjusted E-values < 0.1. These statistics support the hypothesis that the Microcoleus

PLD C-terminal motif derived from a PLAT fragment rather than from piecemeal growth, and

that it is also homologous to the other basal PLD C-terminal motifs.

The case is further supported by independent evidence that a PLAT-repeat protein was the

likeliest original source of the fragment. A C-terminal GDPD-PLAT fusion is a plausible



foundational event in the family (Figures 2 and 3), and the commonality of PLAT repeat-
containing proteins *® makes them good candidates for the PLAT donor. In fact, in a conserved
domain search, 23 of 32 PLAT domains identified in basal GDPD-like SMaseD/PLDs belong to
the PLAT repeat family (cd01756) within the PLAT superfamily (see Table S3). We conclude
that the signature C-terminal motif of GDPD-like SMaseD/PLD was repurposed from a scrap of
a PLAT domain within a PLAT repeat, and used to build an addition onto the GDPD (B/a)s
barrel. The PLD domains, including extant toxins, are thus chimeras constructed from a full

GDPD domain and part of a PLAT domain.

The repurposed PLAT fragment in the PLD C-terminal motif has been structurally remodeled
(Figure 4D). We clustered PLAT fragments and PLD motifs from known structures with the
other sequences analyzed in Figure 4C, and thereby found structures from each group that were
similar enough in sequence to incorporate into our multiple alignments (see Figures 4A and 4B).
We thus mapped the PLAT fragment to the two terminal B-strands (B7 and B8) and connecting
loop from a domain in Mus musculus Rab6-IP1 (Figure 4A and 4D; see also Supplementary
Figure S1B and Materials and Methods) *°. Meanwhile, we readily mapped the PLD motif to the
structures of spider PLD toxins (Figure 4B and 4D; see also Supplementary Figure S1A). The
motif begins with an a-helix, then moves into a -strand followed by a meandering but ordered
loop (Figure 4B and Figure 4D). Given this extensive structural remodeling, it is not surprising
that the sequence conservation patterns observed in basal PLD C-terminal motifs are
significantly different from those of the related PLAT domain fragments (compare Figures 4A

and 4B). The determinants of the structural change are unclear at present and might include



changes in the sequence itself, including an apparent deletion (see Figures 3 and 4A), as well as

changes in the structural context.

The C-terminal extension motif of PLD toxins has been proposed to act as cap or plug that
stabilizes the core (B/a)g barrel.!337-3 To test this idea, we deleted the motif from a reconstructed
Sicariid venom toxin ancestor with very high thermostability as well as enzymatic activity
(Figure 5; see also Materials and Methods). We reasoned that the choice of background sequence
for the deletion was somewhat arbitrary, and that a putative common venom toxin ancestor
represented a generic choice; in addition, its high stability increased the chance of soluble
recombinant expression and foldability of the truncated variant, which we anticipated might be
dramatically destabilized. Removal of the motif did in fact lower the apparent thermal
denaturation midpoint from 72 °C to 64 °C (Figure 5B). Unexpectedly, the truncated variant also
showed drastically reduced activity (two orders of magnitude) toward both sphingomyelin and
lysophosphatidylcholine substrates (Figure 5C). The C-terminal extension motif indeed appears
to support structural stability, but may also play an important role in maintaining a catalytically

active conformation.

Was the structural stabilization of any importance in the early evolution of this family? One
possibility is that stabilization protected the enzyme against proteolytic degradation or oxidative
damage in a hostile extracellular environment. As noted above, however, the basal PLD-PLAT
fusions lack secretion signals (Figure 2A). Alternatively, expansion of the domain might have
acted to compensate (potentially as a permissive mutation) for severe truncation of the GDPD-I

domain (Figure 1). Although GDPD-I is technically regarded as a separate domain, its interface



with the main (B/a)s barrel domain is extensive and may contribute to the overall folding
stability. Truncation of GDPD-I would for example eliminate a hydrophobic interface with the

Bal loop (Figure 1), along with the surface buried within its own hydrophobic core.

Mixing and joining of short, heterologous polypeptide segments played a major role in the early
evolution of protein domains and continued to happen. Domains big enough to fold
independently were formed through duplication, fusion and recombination of smaller
polypeptide modules, of the general size of the PLAT subdomain identified here 3°. Once a large
enough domain repertoire existed, domains became the primary modules of proteins, and have
been shuffled between proteins as whole units to yield diverse domain architectures 28,
Nonetheless, recombination at the subdomain level may continue to occur in the background.
Similar segments are found within domains of very different structure and it is speculated that
some may have been grafted from other domains®. Design and selection studies show that
heterologous recombination has particularly high potential to yield novel chimeric domains 46
and this principle is central to several current protein design approaches including SEWING ¢!

62 63 Tn the thematic variation described here, natural evolution has used a

and Protlego
subdomain segment to build an important addition onto a completely different domain.

Recombinations that result in structural expansion rather than substitution may be less disruptive

and more likely to occur in evolution.

Segments exchanged between unrelated domains may undergo remodeling in surprising ways.
The structure adopted by a polypeptide sequence is highly dependent on its context 4%, For

example, in a chimeric CspA/S1 domain constructed by De Bono et al. 7, the CspA fragment



retained its structure, but the S1 fragment structure was significantly changed. Similarly, the
PLAT domain segment studied here has diverged in structure in PLAT and GDPD-like
SMaseD/PLD contexts, though it is not clear what precise combination of contextual change and
sequence change led to this divergence. Remodeling and repurposing protein domain segments is
akin to fashioning steel drums from oil barrels, in which the original piece of scrap metal is

hammered into a new shape to fit its new context and purpose.

Materials and methods

Materials. Phospholipid substrates 14:0 lysophosphatidylcholine (LPC; 1-myristoyl-2-hydroxy-
sn-glycero-3-phosphocholine) and sphingomyelin (SM; brain, porcine) were purchased from
Avanti Polar Lipids (Alabaster, AL). QuikChange site-directed mutagenesis kit components were
purchased from Agilent (Santa Clara, CA). QIAprep Spin Miniprep kits (250) and nickel-
nitrilotriacetic acid resin were purchased from QIAgen (Hilden, Germany). BugBuster Protein
Extraction Reagent and Benzonase nuclease were purchased from EMD Millipore (Burlington,
MA). Amplex Red Sphingomyelinase Assay Kits were purchased from Invitrogen (Eugene, OR).

All other reagents were obtained from standard sources.

Sequence database

A previously reported database '3 of 7 basal microbial sequences in the GDPD-like
SMaseD/PLD family was expanded to 45 sequences using protein BLAST (blastp) searches of
the NCBI nonredundant database, initiated from multiple diverse query sequences. BLAST Hits
with E < 1e-10 and > 90% complete PLD domains were retained, pooled and filtered at 90%

sequence identity using CD-HIT 78, Subsequent to the primary analysis here, we verified that



deeper searches using PSI-BLAST did not substantially expand the basal group. To probe for
homologous but unannotated eukaryotic genes, translated BLAST searches (tblastn) of NCBI
whole genome shotgun databases were also conducted. These searches yielded intriguing hits,
including two metazoan sequences putatively from arthropod genome assemblies. However, the
new genome hits were not used in the current analysis due to uncertainties in gene modeling as
well as the potential for contamination. A table of all sequences retained for analysis is found in
Table S1. In addition to updating the basal group, the three major derived subfamilies (ST-like,
Aquatic, and AT-like) were also updated in order to briefly confirm the placement of these
subfamilies relative to the basal group (see below and Figure 1). These updates included new
identifications of metazoan and microbial organisms that carry members of the ST-like and
Aquatic groups, but these are not germane to the current study and will be described in detail
elsewhere. Standard database sequence identifiers were tagged with a prefix consisting of a
shorthand for the genus and species names (‘Genu_sp’) of the source organism. A taxonomic key
for these shorthand names is found in Table S2, including information about the environmental
sources of these species, where known. Domains were initially identified using Batch CD-Search
of the full NCBI Conserved Domain Database at an E-value cutoff of 1e-03 ¢° (Table S3),
supplemented by FFAS03 7° and PSI-BLAST searches that in certain cases produced clear

annotations of domains missed by CD-search (Table S4).

Sequence alignment and phylogenetic analysis
For an initial global alignment and phylogeny of the GDPD-like SMaseD/PLD family (Figure 1),
two limiting (and one intermediate) protocols were used. One protocol was to simply align all

PLD domain sequences together de novo using MAFFT 7!, A second protocol was to align each



of the major known groups (basal, ST-like, AT-like and Aquatic) using MAFFT followed by
alignment of the group profiles using Muscle 7>73. An intermediate protocol was also employed
in which pairs of groups were aligned de novo using MAFFT and these profiles aligned to each
other using Muscle. Phylogenetic trees were then estimated using maximum likelihood in IQ-
Tree '*7°, using a WA G+F+R7 model as selected by the model selection routine in 1Q-Tree.
Three independent runs were performed for each of three alignments, using a slow, thorough
NNI search protocol. Ultrafast bootstrapping was performed with 1000-2000 replicates and with
the -bnni option turned on to reduce overestimation of support. Regardless of alignment protocol,
the three major derived subfamilies were always recovered as monophyletic. Placement of the
ST-like and Aquatic groups in the tree was quite consistent across alignments and runs (see

Figure 1), while placement of the AT-like group was unstable.

For analyses specifically focused on the basal group, and for the PLD-PLAT fusions within the
basal group, best maximum likelihood trees were obtained using an LG+G4 model under 1Q-
Tree, based either on alignments of the PLD domain, or on alignments of the PLAT domains.
These trees were subjected to rooting using outgroups identified and aligned as described below,
with no restriction on ingroup topology. For the PLD domains, outgroups were identified and
aligned using an approach similar to that described previously !°. Specifically, six bacterial
GDPD sequences of known structure were selected as outgroups, structurally aligned to a spider
toxin structure (PDB ID 4Q6X) using Chimera, and the resulting alignment profile aligned to the
ingroup profile using Muscle. Because certain portions of the sequence and structure match
poorly between GDPD and GDPD-like SMaseD/PLD domains, the resulting profile-profile

alignment was then reduced to retain only the blocks of sequence that matched well for all



sequences in the structural alignment (128 residues in total, about half the domain). The root
position of the PLAT domain tree was estimated using outgroups derived from BLAST searches
of bacterial proteins using all ingroup PLAT domain sequences as queries. Several outgroups
were tried: 1) the two best nonredundant (90% ID) BLAST hits overall, which also showed E <
1e-20, 2) the six BLAST hits that gave E < le-15 to queries from at least two species (in this
case Ignavibacter and Microcoleus), 3) a set of 39 bacterial PLAT sequences identified from
secondary BLAST searches using the two best BLAST hits described above as queries, followed
by pooling and filtering for redundancy at 90% ID as above. All three of these outgroups aligned

straightforwardly to the ingroup using MAFFT. All three placed the root on the same branch.

Pairwise sequence alignments between the Microcoleus asticus motif and the 39 bacterial PLAT
C termini and 44 other basal PLD C-terminal motifs were performed using SSEARCH in the
FASTA package and statistically analyzed using PRSS program in FASTA with 1000 uniformly
shuffled sequences. *3->7 PRSS compares each alignment score to an extreme-value distribution
of alignments with shuffled sequences, and generates an E-value that can be normalized for a
database size of 1. In cases where E < 0.01, the P-value for the alignment should be

approximately equal to this normalized E-value.

Single linkage clusters based on sequence identity were generated and graphed using the epitope
cluster analysis tool at tools.iedb.org 76. In the linkage graphs, edges were drawn between nodes
with >40% ID over a 20-residue span. An alternative clustering approach using CLANS 2 and
all-against-all BLAST, gave qualitatively similar results to those of Figure 4C, with the

Microcoleus asticus sequence forming the sole transitive connection between the remaining PLD



motifs and the PLAT fragments (conditional E-value threshold of <0.01). The set of sequences to
be clustered derived from combining and curating multiple alignments of 45 basal PLD and 44
bacterial PLAT domain fragments (see Figures 4A and 4B for samplings from these alignments).
The bacterial PLAT alignment derived from the set of 39 PLAT domain sequences used above as
an outgroup for generating a tree of PLD-PLAT fusion; it also included the five sequences from
ingroup PLAT domains that gave the strongest PLAT hits in the original BLAST searches. Six
heavily gapped columns were removed, as was the single most C-terminal column, as this
residue is absent in some spider toxin structures (4Q6X). This curation reduced the number of
alignment columns to 20. Sequences that still contained gaps were then also removed, reducing
the number of bacterial PLAT sequences from 44 to 32, and the number of basal GDPD-like

SMaseD/PLD sequences from 45 to 30.

To assess whether the PLD and PLAT sequence fragments might be confidently aligned/mapped
to their respective domain structures, clustering runs were also performed that included C-
terminal regions from three sicariid spider toxin structures (from PDB IDs 3RLH, 4Q6X and
1XXT1) as well as PLAT domain C-terminal fragments from known structures identified using
BLAST searches of the PDB with bacterial PLAT domain sequences as queries (PDB IDs
3CWZ, 2FNQ, 3VF1 and 6A70). All three toxin and three of four (all except 6A70) PLAT
sequences were incorporated into the main cluster (see Figure 4C), suggesting that PLD and
PLAT domain sequence fragments could both be aligned/mapped to three-dimensional
structures. Superpositions are shown in Supplementary Figure S1A (PLD toxin structures and
S1B (PLAT domains), to illustrate that the C-terminal motif structure is strongly conserved

among the Sicariid toxin structures, and is highly remodeled from the strand-loop-strand



structures formed by the representative C-terminal PLAT fragments. The three PLAT fragment
structures did show some variability in conformation and secondary structure, with 3CWZ
having a longer loop sequence than the other two (Figure S1B). 3CWZ was chosen as best
representative for secondary structure comparison (Figures 4A and 4B) and for visualizing the
remodeling (Figure 4D), for several reasons: 1) it was the only one of the three for which
BLAST alignments to members of our bacterial PLAT family had extended all the way through
the C terminus of the domain, 2) in the C-terminal clustering analysis, it exhibited 12
connections to members of the bacterial PLAT family, while 2FNQ showed only two, and 3VF1

showed connections only to 3CWZ and 2FNQ.

Ancestral state reconstruction. Multiple sequence alignments were constructed using MAFFT 7!
of a database of 93 venom-expressed toxin sequences, with 35 non-venom expressed sequences
from scorpions, spiders and Opiliones incorporated as an outgroup. Maximum likelihood trees
were constructed with IQ-TREE’4, and an ancestral sequence was predicted for a common

Sicariid venom toxin ancestral node using RAXML-NG”’, under a WAG+F+R5 model.

Cloning and mutagenesis. Synthetic genes were codon optimized for expression in E. coli using
a NovoPro codon optimization tool and ordered as gBlocks gene fragments from Integrated
DNA Technologies (Coralville, IA). Genes were cloned into a pHis8 expression vector as
described previously. The C-terminal truncation (A260) was made by introducing a stop codon in
place of the codon for residue Lys260, using the QuikChange site directed mutagenesis kit

according to manufacturer protocol (Agilent; Santa Clara, CA).



Protein expression and purification. N-terminally Hiss-tagged recombinant proteins were

expressed from pHis8-toxin constructs in E. coli BL21(ADE3) strains, extracted, and purified by

26,78 with the modification of

nickel affinity chromatography closely following published methods
an 18-20 h induction period at 20 °C. After dialysis into TBS (0.1 M Tris [pH 8.0], 0.2 M NaCl),
concentration of protein was determined from absorbance at 280 nm and extinction coefficients

estimated from amino acid sequence.”’

Thermal denaturation. Thermal denaturation curves were obtained by measuring the change in
circular dichroism at 222 nm in an OLIS DSM-20 CD spectropolarimeter, at 0.2 mg/mL protein
in 0.1 M Tris (pH 8.0), 0.2 M NaCl and a pathlength of 1 mm. Samples were heated from 30 °C
to 90 °C in 2 °C increments with a 2 min equilibration time and integration time of 55 s. The
apparent melting point (7m) was estimated by fitting to a variant of the Gibbs-Helmholtz

equation®® using an estimated heat capacity of unfolding based on sequence length®!.

Choline release assay. An Amplex Red Sphingomyelinase Assay Kit was used to indirectly
detect choline release from a lipid substrate in an enzyme-coupled assay using
spectrophotometric absorbance of resorufin. In addition to standard concentrations of secondary
reagents (horseradish peroxidase, choline oxidase, and Amplex Red reagent), samples included
200 uM SM or LPC substrate in 0.1% Triton X-100 micelles and 0.25-5 pg enzyme in 0.1 M
Tris (pH 7.4), 10 mM MgClz, 37°C. The absorbance of each sample at 572 nm was measured
every 3 min for a duration of 1 h. Parent and truncated enzymes were directly compared in paired
runs using common reagent and substrate solutions. Rates were derived from fitting the

absorbance curves to an equation that accounts for both the primary enzymatic reaction as well



as the secondary reactions converting choline into resorufin. An apparent first-order rate constant
for the secondary reaction was independently measured in a reaction between the secondary
enzymes/reagents and choline. Absorbance was related to amount of product by measuring the
absorbance generated in control reactions containing known concentrations of hydrogen

peroxide.

SUPPLEMENTARY MATERIAL DESCRIPTION
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FIGURE LEGENDS

Figure 1. The GDPD-like SMaseD/PLD family. This family is distinguished in sequence and
structure from its GDPD ancestors by truncation of the GDPD-I domain and Bal loop (cyan and
green, respectively) and expansion of the domain at the C terminus (orange). Three major
subfamilies of GDPD-like SMaseD/PLD diverged from a sparse basal group of microbial
sequences that originally evolved from the GDPD family in bacteria. The color-coded taxonomic
distribution among bacterial groups and microbial eukaryotes indicates extensive lateral gene
transfer, with the caveat that sequences from metagenome assembled genomes (indicated by
_ba ) may be of less certain taxonomic assignment. Sequence alignments for each group were
generated using MAFFT, aligned to each other using profile alignment in Muscle, and a
maximum-likelihood tree generated using 1Q-Tree under a WAG+F+R7 model (see Materials
and Methods). The tree was rooted using 6 bacterial GDPD sequences of known structure as
described in reference 15 (see also Materials and Methods). Most features of the tree, including
recovery of the major subfamilies as monophyletic, are robust to alignment method, but the

position of the highly diverged Actinobacterial-toxin like group is highly unstable.

Figure 2. The ancestral GDPD-like SMaseD/PLD was likely fused to a PLAT domain and
lacked a secretion signal. (A) Overall phylogeny of basal group PLD domains, with those fused
to PLAT domains indicated by black bold typeface. The Microcoleus sequence central to our
analysis is indicated with an arrow. Colored tracing illustrates the hypothesis of an ancestral
PLD-PLAT fusion that persisted in about half of the basal group and underwent multiple
duplications (cyan), permutation plus duplication (green), divergence/degradation (red), and loss

(grey). The two putatively divergent/degraded PLAT domains (red) were not detected in a



Conserved Domain Database search but were obvious in multiple sequence alignments.
Sequences with a recognizable signal sequence as identified by SignalP 6.0 are marked with
asterisks (*). Note that sequences with clear PLAT domains always lack signal sequences and
that there is some correlation between PLAT loss/degradation/divergence and signal sequence
acquisition, (B) Phylogeny of PLD domains from basal PLD-PLAT fusions, (C) Phylogeny of
PLAT domains from basal PLD-PLAT fusions. Of a minimum of four duplications necessary to
generate the observed PLAT repeats (two in the Igna_ba proteins, one each in Micr_as and
Meth YR), two are clearly evident in the tree (black circles). Taxa and clades in panels B and C
are color-coded to highlight the approximate congruence of the two phylogenies. All trees shown
here were best ML trees under LG+G4 models selected using IQ-Tree. PLD trees were rooted
using GDPD domains of known structure as described in reference 15. The PLAT tree was
rooted using bacterial PLAT homologs recovered from exhaustive BLAST searches (see

Materials and Methods).

Figure 3. The C-terminal extension of GDPD-like SMaseD/PLD domains derives from
fusion of a PLAT repeat fragment to a GDPD domain. This multiple alignment focuses on the
region immediately on either side of the PLD domain C terminus. In BLAST searches with a
PLD-PLAT fusion from Microcoleus asticus (cyan), several strong hits (E < le-10) were found
to bacterial proteins containing PLAT repeats (gold). The local sequence alignments for these
hits are approximated here as a multiple sequence alignment realigned using Muscle, with the
PLAT repeat hits truncated to show the consensus local alignment boundary. These alignments
included an entire PLAT repeat (far right; with the alignment truncated) but also extended

toward the N terminus across the domain boundary, aligning the last 20+ residues of another



PLAT repeat to the C-terminal region of the Microcoleus PLD domain. This region of possible
homology between the PLD and PLAT domains contains the previously described signature C-
terminal plug motif (boxed) that is absent in bacterial GDPD ancestors of known structure
(green), but conserved among GDPD-like SMaseD/PLD, including basal/ancestral (cyan) but
originally described in recluse spider toxins (orange). The basal PLDs putatively originated from
fusion of ~1.2 PLAT repeats (gold, second repeat truncated) to a GDPD domain (green), with
incorporation of a PLAT fragment as a C-terminal PLD domain extension, along with a full
PLAT domain (cyan). In toxins (orange), the full PLAT domain has been lost, but a vestige of

the PLAT fragment remains.

Figure 4. Repurposing and remodeling of a PLAT fragment as a C-terminal PLD motif. (A)
Alignment of Microcoleus asticus PLD domain C terminus (cyan label) with C termini of
bacterial PLAT domains (gold labels) as well as the closest PLAT homologs of known structure
(box) annotated with secondary structure (h=helix, e=strand; assignments come from 3CWZ, but
a general strand-loop-strand conformation is seen in all three; see Figure S1B). The region of
alignment is expanded slightly relative to the BLAST alignments shown in Figure 3. (B)
Alignment of Microcoleus asticus PLD domain C terminus with other basal PLD C termini and
with C termini from spider toxins of known structure, annotated with secondary structure (box; ;
assignments come from 3RLH, but all three conformations are highly similar; see Figure S1A).
In both panels A and B, only the 12 PLAT or PLD sequence fragments with highest sequence
identity are shown, in order of decreasing percent identity. (C) Sequence identity clustering of
basal GDPD-like SMaseD/PLD and bacterial PLAT sequence fragments, as well as sequences

with known structure shown in panels A and B. Edges are drawn between nodes with >40% ID



over 20 residues, after removal of the heavily gapped columns shown in panels A and B, and
removal of any sequences containing additional gaps. Six of 30 gapless basal PLD sequences are
singletons at this cutoff (not shown), but all other sequences are unified. Note the central position
of the Microcoleus PLD motif as an intermediate sequence (transitive connection) that is similar
to multiple PLD- and PLAT-derived segments. (D) Mapping of the homologous PLAT (gold)
and PLD (cyan) subdomains onto known structures. Bacterial GDPD domains (represented here
by PDB ID 2PZ0) lack a C-terminal extension on the barrel. The GDPD-like SMaseD/PLD
domain family has acquired a C-terminal extension, which in spider toxins (PDB ID 3RLH) has
a conserved structure consisting of a helix, strand and complex ordered loop. The extension is a
remodeled, repurposed fragment of a PLAT domain (PDB ID 3CWZ) consisting of strands 7

and 8.

Figure 5. Truncation of the C-terminal extension decreases both thermostability and catalytic
activity. (A) sequence of reconstructed Sicariid venom ancestral PLD domain and C-terminally
truncated variant (A260). (B) thermal denaturation monitored by change in circular dichroism at
222 nm, at 0.2 mg/mL protein and a pathlength of 1 mm, in 0.1 M Tris (pH 8.0), 0.2 M sodium
chloride. (B) Choline head-group release assay of enzymatic activity using sphingomyelin (SM)
or lysophosphatidylcholine (LPC) as substrate (200 uM) in mixed micelles with 0.1% Triton X-
100, in reaction buffer (0.1 M Tris [pH 7.4], 10 mM MgClz, 37 °C. Error bars represent the

standard error of the mean of three measurements.
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Figure 1. The GDPD-like SMaseD/PLD family. This family is distinguished in sequence and
structure from its GDPD ancestors by truncation of the GDPD-I domain and Bal loop (cyan and
green, respectively) and expansion of the domain at the C terminus (orange). Three major
subfamilies of GDPD-like SMaseD/PLD diverged from a sparse basal group of microbial
sequences that originally evolved from the GDPD family in bacteria. The color-coded taxonomic
distribution among bacterial groups and microbial eukaryotes indicates extensive lateral gene
transfer, with the caveat that sequences from metagenome assembled genomes (indicated by
_ba ) may be of less certain taxonomic assignment. Sequence alignments for each group were
generated using MAFFT, aligned to each other using profile alignment in Muscle, and a
maximum-likelihood tree generated using 1Q-Tree under a WAG+F+R7 model (see Materials
and Methods). The tree was rooted using 6 bacterial GDPD sequences of known structure as
described in reference 15 (see also Materials and Methods). Most features of the tree, including
recovery of the major subfamilies as monophyletic, are robust to alignment method, but the
position of the highly diverged Actinobacterial-toxin like group is highly unstable.
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Figure 2. The ancestral GDPD-like SMaseD/PLD was likely fused to a PLAT domain and
lacked a secretion signal. (A) Overall phylogeny of basal group PLD domains, with those fused
to PLAT domains indicated by black bold typeface. The Microcoleus sequence central to our
analysis is indicated with an arrow. Colored tracing illustrates the hypothesis of an ancestral
PLD-PLAT fusion that persisted in about half of the basal group and underwent multiple
duplications (cyan), permutation plus duplication (green), divergence/degradation (red), and loss
(grey). The two putatively divergent/degraded PLAT domains (red) were not detected in a
Conserved Domain Database search but were obvious in multiple sequence alignments.
Sequences with a recognizable signal sequence as identified by SignalP 6.0 are marked with
asterisks (*). Note that sequences with clear PLAT domains always lack signal sequences and
that there is some correlation between PLAT loss/degradation/divergence and signal sequence
acquisition, (B) Phylogeny of PLD domains from basal PLD-PLAT fusions, (C) Phylogeny of
PLAT domains from basal PLD-PLAT fusions. Of a minimum of four duplications necessary to
generate the observed PLAT repeats (two in the Igna_ba proteins, one each in Micr_as and
Meth_YR), two are clearly evident in the tree (black circles). Taxa and clades in panels B and C
are color-coded to highlight the approximate congruence of the two phylogenies. All trees shown
here were best ML trees under LG+G4 models selected using [Q-Tree. PLD trees were rooted
using GDPD domains of known structure as described in reference 15. The PLAT tree was
rooted using bacterial PLAT homologs recovered from exhaustive BLAST searches (see

Materials and Methods).
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Figure 3. The C-terminal extension of GDPD-like SMaseD/PLD domains derives from
fusion of a PLAT repeat fragment to a GDPD domain. This multiple alignment focuses on the
region immediately on either side of the PLD domain C terminus. In BLAST searches with a
PLD-PLAT fusion from Microcoleus asticus (cyan), several strong hits (E < 1e-10) were found
to bacterial proteins containing PLAT repeats (gold). The local sequence alignments for these
hits are approximated here as a multiple sequence alignment realigned using Muscle, with the
PLAT repeat hits truncated to show the consensus local alignment boundary. These alignments
included an entire PLAT repeat (far right; with the alignment truncated) but also extended
toward the N terminus across the domain boundary, aligning the last 20+ residues of another
PLAT repeat to the C-terminal region of the Microcoleus PLD domain. This region of possible
homology between the PLD and PLAT domains contains the previously described signature C-
terminal plug motif (boxed) that is absent in bacterial GDPD ancestors of known structure
(green), but conserved among GDPD-like SMaseD/PLD, including basal/ancestral (cyan) but
originally described in recluse spider toxins (orange). The basal PLDs putatively originated from
fusion of ~1.2 PLAT repeats (gold, second repeat truncated) to a GDPD domain (green), with
incorporation of a PLAT fragment as a C-terminal PLD domain extension, along with a full
PLAT domain (cyan). In toxins (orange), the full PLAT domain has been lost, but a vestige of
the PLAT fragment remains.
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Figure 4. Repurposing and remodeling of a PLAT fragment as a C-terminal PLD motif. (A)
Alignment of Microcoleus asticus PLD domain C terminus (cyan label) with C termini of
bacterial PLAT domains (gold labels) as well as the closest PLAT homologs of known structure
(box) annotated with secondary structure (h=helix, e=strand; assignments come from 3CWZ, but
a general strand-loop-strand conformation is seen in all three; see Figure S1B). The region of
alignment is expanded slightly relative to the BLAST alignments shown in Figure 3. (B)
Alignment of Microcoleus asticus PLD domain C terminus with other basal PLD C termini and
with C termini from spider toxins of known structure, annotated with secondary structure (box;
assignments come from 3RLH, but all three conformations are highly similar; see Figure S1A).
In both panels A and B, only the 12 PLAT or PLD sequence fragments with highest sequence
identity are shown, in order of decreasing percent identity. (C) Sequence identity clustering of
basal GDPD-like SMaseD/PLD and bacterial PLAT sequence fragments, as well as sequences
with known structure shown in panels A and B. Edges are drawn between nodes with >40% ID
over 20 residues, after removal of the heavily gapped columns shown in panels A and B, and
removal of any sequences containing additional gaps. Six of 30 gapless basal PLD sequences are
singletons at this cutoff (not shown), but all other sequences are unified. Note the central position
of the Microcoleus PLD motif as an intermediate sequence (transitive connection) that is similar
to multiple PLD- and PLAT-derived segments. (D) Mapping of the homologous PLAT (gold)
and PLD (cyan) subdomains onto known structures. Bacterial GDPD domains (represented here
by PDB ID 2PZ0) lack a C-terminal extension on the barrel. The GDPD-like SMaseD/PLD
domain family has acquired a C-terminal extension, which in spider toxins (PDB ID 3RLH) has
a conserved structure consisting of a helix, strand and complex ordered loop. The extension is a
remodeled, repurposed fragment of a PLAT domain (PDB ID 3CWZ) consisting of strands 7
and 8.
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Figure 5. Truncation of the C-terminal extension decreases both thermostability and catalytic
activity. (A) sequence of reconstructed Sicariid venom ancestral PLD domain and C-terminally
truncated variant (A260). (B) thermal denaturation monitored by change in circular dichroism at
222 nm, at 0.2 mg/mL protein and a pathlength of 1 mm, in 0.1 M Tris (pH 8.0), 0.2 M sodium
chloride. (C) Choline head-group release assay of enzymatic activity using sphingomyelin (SM)
or lysophosphatidylcholine (LPC) as substrate (200 uM) in mixed micelles with 0.1% Triton X-
100, in reaction buffer (0.1 M Tris [pH 7.4], 10 mM MgCl>) at 37 °C. Error bars represent the
standard error of the mean of three measurements.



