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Abstract

Formins are proteins that assist in regulating cytoskeletal organization through interactions
with actin filaments and microtubules. Metazoans encode nine distinct formin subtypes
based on sequence similarity, potentially allowing for great functional diversity for these pro-
teins. Through the evolution of the eukaryotes, formins are believed to have repeatedly
undergone rounds of gene duplications, followed by diversification and domain shuffling, but
previous phylogenetic analyses have shed only a little light on the specific origins of different
formin subtypes. To improve our understanding of this in the case of the metazoan formins,
phylogenetic comparisons were made here of a broad range of metazoan and non-meta-
zoan formin sequences. This analysis suggests a model in which eight of the nine metazoan
formin subtypes arose from two ancestral proteins that were present in an ancient unikont
ancestor. Additionally, evidence is shown suggesting the common ancestor of unikonts and
bikonts was likely to have encoded at least two formins, a canonical Drf-type protein and a
formin bearing a PTEN-like domain.

Introduction

The formin family was first recognized when it was noted that proteins from several animals
and budding yeast share two regions of homology with the "Formin" product of the mouse
limb deformity locus: a proline-rich formin homology-1 (FH1) domain and a unique formin
homology-2 (FH2) domain [1]. Further analysis has shown formins are nearly ubiquitous
among eukaryotes, including organisms as diverse as ciliates, green plants, and amoebas. In
many of these organisms, formins are known to promote the organization of substructures of
the actin cytoskeleton (reviewed in [2-4]). In vitro studies have shown that homodimers of the
FH2 domain of many formins interact directly with actin, often promoting the nucleation of
new actin filaments and influencing the rate and extent of elongation at the filament barbed
end (reviewed in [5,6]). The FH1 domain directly binds the actin monomer-binding protein
profilin, and in conjunction with profilin, can accelerate the elongation of formin-bound actin
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filaments [7,8]. In addition to affecting actin dynamics, many formins bind microtubules and
microtubule-binding proteins through FH2 domains and other motifs, and many formins
have been shown to promote microtubule stability in vivo [2].

A detailed analysis of conserved motifs in diverse FH2 domains had suggested that the FH2
fold is likely to have arisen only once during the evolution of eukaryotes [9]. Among various
formins, the FH2 domain has been coupled to a variety of different other structural domains,
suggesting this family has been subject to patterns of gene duplications followed by divergence
and domain shuffling. However, tracing the evolutionary history of the formins from pre-
sumptive common ancestors has been difficult, due in large part to weak constraints on all but
a few FH2 domain amino acid residues [9]. Previous phylogenetic analyses have been largely
limited to defining conserved subtypes of formins within different groups of organisms, with-
out inferring much about relationships between those subtypes [9-12]. However, since those
earlier studies, the sequencing and annotation of additional genomes from a broad array of
metazoan and non-metazoan organisms has provided additional data points that help to begin
filling in our picture of the evolution of the formin family.

The animal (metazoan) formins provide a group whose evolutionary origins are particu-
larly interesting. Metazoan formins can be categorized into nine subtypes based on the
degree of similarity of their FH2 domain sequences [13], designated here: disheveled-associ-
ated activator of morphogenesis (DAAM) proteins, diaphanous (DIAPH) proteins, formin
homology domain containing (FHOD) proteins, canonical formins (FMN), formin-like
(FMNL) proteins, glutamate receptor ionotropic delta 2-interacting proteins/delphilins
(GRID2IP), inverted formins (INF), multiple wing hairs-related formins (MWHF), and
pleckstrin homology (PH) domain-containing formins (PHCF). Typical members of all
these subtypes possess the conserved FH1-FH2 domain module, but otherwise vary in their
domain organization (Fig 1).

The most common domain organization found among metazoan formins is that of the
diaphanous-related formin (Drf), as found in DIAPH, DAAM and FMNL formins. Drfs have
an extended N-terminus that includes a Rho-family GTPase-binding domain (designated here
as, G) followed by an armadillo repeat-rich diaphanous inhibitory domain (DID) and an o-
helical dimerization domain (DD) [14,15]. For typical Drfs, a C-terminus extending beyond
the FH2 domain encodes one or two motifs that show varying degrees of similarity to Wiskott
Aldrich Syndrome Protein Homology-2 (WH2) motifs [16-18]. Such motifs sometimes assist
in filament nucleation or barbed end binding, and sometimes promote additional activities
such as severing or bundling of actin filaments (reviewed in [19,20]). For many Drfs, some of
these motifs also have the ability to bind to the DID to establish an autoinhibited conforma-
tion, and in such cases, the motif is also referred to as a diaphanous autoregulatory domain
(DAD) [21,22]. This autoinhibitory DID/DAD interaction can be weakened by the binding of
a RhoGTPase to the G and the DID, providing a partial explanation for the observation that
many formins are regulated in vivo by RhoGTPases [14,15,23-25].

Several additional metazoan formin subtypes resemble Drfs with modest alterations (Fig 1).
MWHEFs lack obvious C-terminal DAD/WH2-like motifs, while INFs resemble N-terminally
truncated Drfs, with some isoforms lacking a G domain, and others also lacking DID and DD
sequences [10,13]. FHODs lack a recognizable DD, and they encode an alternative RhoGT-
Pase-binding domain (termed here, G2) that adopts a fold that is distinct from the Drf-type G
domain [26]. The remaining metazoan formin subtypes differ from Drfs more drastically. The
N-termini of FMNs are generally predicted to be helical and hydrophilic with no defined fold,
and their C-termini lack recognizable WH2-like motifs. The N-termini of GRID2IPs encode
one to three sets of postsynaptic density protein 95/ Drosophila disc large tumor suppressor 1/
zonula occludens-1 protein (PDZ) domains and Harmonin N-terminus-like (HN) domains,
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Fig 1. Domain organizations of metazoan and non-metazoan formins. Predicted domain organizations
are shown for representative proteins from seven groups of formins identified based on similarity of FH2
domain or (for PTEN-formins) PTEN-like domain sequences. Indicated for each protein is the formin subtype
and the superphylum/kingdom of the source organism, with parenthetical annotation of specific species and
protein identity, as per S1 Table. Domains shown to scale are: GTPase-binding (G, dark green), alternative
GTPase-binding (G2, olive), DID (medium green), DD (light blue), PDZ (dark blue), HN (orange), FH1 (purple),
FH2 (red), PH (tan), RA (light green), PTP (gray), and C2 (yellow). Represented are the superphyla/kingdoms
metazoa (Meta), choanoflagellata (Choa), filasterea (Fila), fungi (Fung), fonticulida (Font), apusozoa (Apus),
amoebozoa (Amoe), plantae (Plan), and heterokonta (Hete), and the species M. domestica (Md), M. brevicollis
(Mb), S. punctatus (Spu), U. maydis (Um), S. cerevisiase (Sc), S. purpuratus (Sp), F. alba (Fa), C. owczarzaki
(Co), S. rosetta (Sro), D. dictyostelium (Dd), T. trahens (T), E. intestinalis (Ei), P. ramorum (Pr), or P. patens
(Pp). The scale bar indicates distances in amino acids.

https://doi.org/10.1371/journal.pone.0186081.g001

while their C-termini also lack identifiable motifs [27-29]. Finally, PHCFs typically have a pair
of N-terminal PH domains and/or a single C-terminal PH domain, but no detectable G, DID,
DD, or WH2-like sequences [13].

We have relatively little insight as to how this diversity of metazoan formins arose. Mem-
bers of all nine subtypes are widespread across many metazoan phyla. It may be particularly
telling that the sponge Amphimidon queenslandica, a member of the basal metazoan phylum
Porifera, encodes formins from all nine subtypes. This suggests the nine subtypes were already
in existence in the last common ancestor of the metazoans [13]. Comparisons of metazoan
FH2 domains with those from the choanoflagellate Monosiga brevicollis, a close relative of
metazoans, have suggested at least four metazoan subtypes (DAAM, FMNL, FMN, INF) were
already present in the common metazoan/choanoflagellate ancestor [9,12]. Comparisons to
the formins of yeasts and other fungi have shown a general conservation of the Drf-type
domain organization, but provided little additional insight into specific relationships with
metazoan subtypes. However, comparisons to FH2 sequences of the distantly related slime
mold Dictyostelium discoideum revealed a clear kinship between metazoan FMNs and several
D. discoideum formins [9,11,12].
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Using a large set of sequenced non-metazoan genomes, this analysis attempts to revisit and
expand on those earlier studies. Revealed are previously unappreciated relationships between
specific metazoan formin subtypes and the formins of fungi, amoebozoans, and other non-
metazoans. The results support a model in which eight of the nine metazoan formin subtypes
originated from two formins that were present in an ancestral unikont.

Materials and methods
Identification of FH2 domain-containing proteins

Metazoan formin sequences considered here were identified previously [13]. Unikont formins
were identified by the same methods: through accessing protein and translated nucleotide data-
bases via the website of the National Center for Biotechnology Information (NCBI) (https://
www.ncbi.nlm.nih.gov/) and the website of Ensembl Genomes (www.ensemblgenomes.org;
[30]), and searching these with the Basic Local Alignment Search Tool [31]. For unikont organ-
isms, to help ensure that all FH2 domains were identified for a given species, each species data-
set was subjected to search queries based on the FH2 domains from Mus musculus DAAMI,
DIAPHI1, FMN2, GRID2IP, FHDCI (an INF protein), INF2, FMNLI, and FHOD], Strongylo-
centrotus purpuratus LOC100890634 (a PHCEF protein), and Caenorhabditis elegans FOZI-1 (a
highly divergent FMNL-related protein). Non-exhaustive searches for formins in bikont species
were performed by searching the relevant species dataset on the Ensembl Genomes website
using the search term, "FH2". All identified formins are listed by species in S1 Table. In cases
where two adjacent genes appeared to encode pieces of the same formin, both genes are used to
identify the formin in S1 Table and in all phylogenetic trees.

Domain analysis

Similar to as done previously for metazoan formins [13], the boundaries of FH2 domains in
non-metazoan formin sequences were predicted by Conserved Domain Search [32] against
the NCBI Conserved Domain Database superset [33], while most other structural domains
were identified by the Protein HomologY Recognition Engine 2 (PHYRE?) (www.sbg.bio.ic.
ac.uk/phyre2/html/page.cgi?id=index; [34]). Predictions accompanied by a confidence of
homology > 95% were considered to be likely. FH1 domains were manually identified as all
segments of two or more adjacent prolines plus all intervening sequences, located N-terminal
to the FH2 domain. Due to the very loose consensus for DAD and WH2-like motifs and the
difficulty in their identification, these were not considered in this analysis.

Multiple sequence alignments and estimation of phylogenies

Amino acid sequence alignments were performed in MegAlign (ver 13.0.0) of the Lasergene
software suite (DNASTAR, Madison, WI) using Clustal W [35], with the default settings (Gap
penalty 10, gap length penalty 0.2) and a Gonnet Series matrix. Gross misalignments, typically
due to large gaps or long insertions in individual sequences, were corrected manually. Sequence
alignments are presented in the file SI Text.

Evolutionary histories were inferred from the sequence alignments by applying the Maxi-
mum Likelihood (ML) method using the LG model [36] + G (using a discrete Gamma distri-
bution with 5 categories to model evolutionary rate differences among sites; [37]) in the
MEGAG6 program [38]. The LG + G model was selected from 48 models after producing the
lowest Bayesian Information Criterion score for each sequence alignment [39]. For alignments
composed of complete or nearly complete sequences only, analysis by the MEGA6 program
was set to exclude positions in the sequences alignments that were only partially occupied. In
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sequences alignments in which some positions were unoccupied in only a small minority of
sequences due to incomplete sequence information or truncation of a protein, the exclusion
threshold in MEGAG6 was set at below 90% or 95% occupancy. Unrooted phylogenetic trees
were generated in MEGAG.

Results and discussion

The FH2 domain is thought to have arisen only once during evolution [9], suggesting that

the diversity of metazoan formin subtypes has resulted from repeated duplications of ancestral
formins followed by divergence of sequence. To probe for evidence of such duplication/diver-
gence events, FH2 domain sequences for formins belonging to seven metazoan species (sponge
A. queenslandica, ctenophore Mnemiopsis leidyi, sea anemone Nematostella vectensis, oyster
Crassostrea gigas, fruit fly Drosophila melanogaster, opossum Monodelphis domestica, and sea
urchin Strongylocentrotus purpuratus) were aligned with those from eleven non-metazoan spe-
cies (see below), and a ML tree was estimated (Fig 2). When DID, or DID and DD (DID-DD)
domains were present in these formins, their sequences were also aligned and ML trees esti-
mated (Fig 3). For some regions of these trees, the high density of branches resulted in poorly
supported nodes with low bootstrap values. In an attempt to produce simpler trees whose
nodes might be resolved with more robust support, phylogenies were also estimated for
smaller numbers of aligned FH2 domains and DID-DD sequences (Fig 4).

In all these trees, metazoan formins clustered into nine groups that recapitulated the meta-
zoan subtypes previously identified [13]. Three general classes of relationships could be
observed between the metazoan formin subtypes and the non-metazoan formins. In the first
class, non-metazoan formins appeared to be members of a metazoan subtype. This was inter-
preted to suggest that the origin of this formin subtype predated the divergence of the lineages
of the metazoans and that particular non-metazoan. In the second class, non-metazoan for-
mins appeared to be similarly related to two or more metazoan subtypes. This was interpreted
to suggest that those metazoan subtypes derived from a common ancestral formin present in
the last shared ancestor of the metazoans and that particular non-metazoan. Finally, in the
third class there was no apparent particular relatedness between a non-metazoan formin and
any metazoan subtype, which was interpreted to reflect either a real absence of shared ancestry,
or an obscuring of any relationship by extensive sequence divergence. Below, relationships are
examined with formins of organisms of increasing divergence, in an attempt to trace the prob-
able course of metazoan formin diversification backward through evolution.

Holozoan formins and evidence for a recent origin of GRID2IP formins

Metazoa belongs to the larger group of organisms, Holozoa, which also contains the very
closely related Choanoflagellata, and the somewhat more distant Filasterea [40,41]. Thus, to
consider relationships among formins of the closest relatives to metazoans, twenty-two for-
mins were identified and examined from two choanoflagellates, Salpingoeca rosetta and

M. brevicollis, and from one filasterean, Capsaspora owczarzaki (S1 Table). Of these, sixteen
formins appeared to be a member of a metazoan subtype based on estimated phylogeny of
FH2 domains sequence (Fig 2). Specifically, all three non-metazoan holozoans encode appar-
ent DAAM and PHCEF proteins, each choanoflagellate encodes one apparent representative
each of the FMNL, MWHEF, INF, and FMN subtypes, and the filasterean encodes two apparent
FHOD subtype formins. Supporting these FH2-based similarities, each putative homolog was
predicted to have domain organization conserved with its metazoan counterpart: G-DID-DD-
FH1-FH2 for the DAAMs, FMNLs, and MWHFs; DID-DD-FH1-FH2 for the INFs; G2-DID-
FH1-FH2 for the FHODs; X-FH1-FH2 for the FMNs (where X represents extended sequence
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Fig 2. Unrooted ML phylogenetic tree of metazoan and non-metazoan FH2 domain sequences. The
evolutionary history for 136 FH2 domain amino acid sequences from the indicated unikont species was
inferred by the ML method using the LG + G model for 251 fully occupied positions. Observed groups of
formins based on inferred FH2 sequence relatedness include the nine metazoan formin subtypes (DAAM,
DIAPH, FHOD, FMN, FMNL, FMNLR, GRID2IP, INF, PHCF), two subtypes enriched for fungal formins
(Yeast, Fungi-2), a novel group of opisthokont formins with N-terminal PTEN-like domains (PTEN-formins),
and looser groups of amoebozoan Dri-type formins (Amoeba Drfs) and apusozoan formins (Apusozoa
formins). Other formins were ungrouped or associated with multiple subtypes to similar degrees. The latter
category included opisthokont formins related to GRID2IP and DIAPH subtypes (DIAPH-like formins), and
apusozoan and amoebozoan formins related to FHOD and FMN proteins (FHOD/FMN-related formins). The
formin Eint_101200 of the microsporidian fungus E. intestinalis is depicted within the metazoan PHCF
subtype, but this may be an artifact based on the absence of any PH domain and the presence of an N-
terminal PTEN-like domain in this formin. Its probable relationship to the PTEN-formins is indicated by a

double-arrow. All bootstrap values are indicated, and the scale bar indicates the number of substitutions per
site for branch lengths.

https://doi.org/10.1371/journal.pone.0186081.9002

for which PHYRE? predicted no known domains); and PH-PH-FH1-FH2-PH for the PHCFs
(Fig 1). Only the choanoflagellate PHCFs deviated from this by encoding a PDZ domain N-ter-
minal to their FH1 domain (PH-PH-PDZ-FH1-FH2-PH), but absence of this PDZ domain
from filasterean and metazoan PHCFs suggests it is a choanoflagellate-specific innovation.
Also supporting these subtype assignments, when DID-DD or DID sequences were present
and compared, these sixteen holozoan formins again clustered with the appropriate metazoan
subtype (Fig 3).

Each choanoflagellate and the filasterean also encode a Drf-type G-DID-DD-FH1-FH2
formin whose DID-DD sequence clustered with metazoan DIAPHs with moderate support
(bootstrap value 48, Fig 3A). However, based on FH2 domain sequence, these formins were
not unambiguously members of the DIAPH subtype. Instead, their branches on the FH2
domain tree were associated with a node that joined metazoan DIAPH and GRID2IP subtypes
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Fig 3. Unrooted ML phylogenetic trees of N-terminal domains from metazoan and non-metazoan
formins. Evolutionary histories for (A) 69 DID-DD sequences and for (B) 82 DID sequences of the indicated
unikont species were inferred by the ML method using the LG + G model for 266 positions that were occupied
in > 90% of DID-DD sequences, or 172 positions that were occupied in > 95% of DID sequences. The formin
groups shown here generally recapitulate those based on FH2 domain phylogeny (Fig 2), with some
exceptions, particularly when the shorter DID sequence is considered. All bootstrap values are indicated, and
the scale bars indicate the number of substitutions per site for branch lengths.

https://doi.org/10.1371/journal.pone.0186081.g003

as a larger super-group (Fig 2). In the simpler FH2 domain tree (Fig 4A), this entire DIAPH/
DIAPH-like/GRID2IP super group had modest support with bootstrap value 20 for the
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Fig 4. Unrooted ML phylogenetic trees estimated using fewer formin sequences highlight relation-
ships between fungal and metazoan formins. To help clarify some ambiguities of connectivity in dense
regions of phylogenetic trees shown in Figs 2 and 3, a smaller number of (A) FH2 domain and (B) DID-DD
sequences were considered separately. Thus, evolutionary histories for 65 FH2 domain and 39 DID-DD
sequences from the indicated unikont species were inferred by the ML method using the LG + G model for
314 positions that were fully occupied in all FH2 domain sequences, or for 244 positions that were occupied
in > 90% of DID-DD sequences. A notable change is in the placement of the formins UM_04141 of the
basidiomycote fungus U. maydis and SPPG_03524 of the chytrid fungus S. punctatus. These formins
clustered with the Yeast subtype in some or all trees of Figs 2 and 3, but area associated with the DIAPH-like
formin MONBRDRAFT_24127 of the choanoflagellate M. brevicollis in the simpler trees of (A) and (B). All
bootstrap values are indicated, and the scale bars indicate the number of substitutions per site for branch

lengths.

https://doi.org/10.1371/journal.pone.0186081.9004
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connecting node, and a more strong support (bootstrap value 39) for the node connecting the
metazoan and choanoflagellate formins, only. The distinct PDZ-HN-rich N-termini of meta-
zoan GRID2IPs (Fig 1) resemble other non-formin proteins, such as animal and choanoflagel-
late whirlin homologs, but are not similar to any non-metazoan formin, suggesting they are a
metazoan innovation. A likely explanation for these relationships is that an ancestral holozoan
DIAPH-like formin duplicated in the metazoan lineage shortly after its divergence from the
choanoflagellates (Fig 5). One of the resulting formins retained its ancestral G-DID-DD-FH1-
FH2 domain organization and become the metazoan DIAPH, while the N-terminus of the
other was replaced to produce the metazoan GRID2IP with
PDZ-PDZ-HN-PDZ-HN-FH1-FH2 domain organization (Fig 5).

The choanoflagellates and filasterean also each encode one orphan formin that did not
group with any particular group or groups of metazoan formins. For the Drf-type filasterean
orphan, CAOG_02378, it is unclear if its lack of relatedness reflects incomplete or incorrect
sequence data, poor conservation of sequence, or derivation from an unrelated formin subtype
in the filasterean lineage. The choanoflagellate orphan formins (PTSG_07580 and MON-
BRDRAFT_25412) formed a well-supported group (bootstrap value 99) based on their FH2
domain sequences (Fig 2). PHYRE? predicted the N-terminus of the S. rosetta orphan encodes
a phosphatase and tensin (PTEN)-like domain, which is a composite domain that includes a
protein tyrosine phosphatase (PTP)-like fold and a membrane-binding C2-like fold (Fig 1).
The M. brevicollis orphan was predicted to contain a C2-like fold, only (Fig 1). Based on these
features, these choanoflagellate formins are referred to here as PTEN-formins.

Summarizing these observations for the formins of Holozoa, distinct FMNL, MWHE,
FMN, and INF proteins were present at least before the divergence of choanoflagellates and
metazoans, while DAAM, PHCF, FHOD, and DIAPH-like proteins are likely to have existed
in the common holozoan ancestor of filastereans, choanoflagellates, and metazoans (Fig 5).
Distinct DIAPH and GRID2IP proteins very likely arose by duplication of the ancestral
DIAPH-like formin very early in the metazoan lineage, after its divergence from the choanofla-
gellates (Fig 5).

Holomycota formins and evidence for conserved Drf-related subtypes
among fungi

To consider relationships among formins of organisms somewhat more diverged from meta-
zoans, proteins were examined from members of Holomycota, a sister group to Holozoa
within the larger group Opisthokonta [42,43]. Specifically, seventeen formins were examined
from one representative of Fonticulida, Fonticula alba, and from five representatives of four
phyla from Fungi, Saccharomyces cerevisiae and Schizosaccharomyces pombe of Ascomycota,
Ustiago maydis of Basidoimycota, Spizellomyces punctatus of Chytridiomycota, and Encephali-
tozoon intestinalis of Microsporidia (S1 Table).

Consistent with previous analyses [9-12], many fungal formins fell into two groups com-
posed mostly of Drf-type formins (Fig 1). One of these groups included all the budding and fis-
sion yeast formins plus additional fungal formins, and is called here the Yeast subtype, while
the second group is called here the Fungi-2 subtype (Figs 2 and 3). Based on FH2 domain
sequences, the basidiomycote and ascomycote Yeast subtype formins appeared to be related to
the holozoan DIAPH/GRID2IP super-group based on a very modestly supported connecting
node (bootstrap value 25), while one chytrid formin (SPPG_03524) and one microsporidian
formin (Eint_071180) clustered within the holozoan DIAPH/GRID2IP-super-group (Fig 2).
Interestingly, when DID-DD sequences were considered, all these formins clustered together
as a unified Yeast subtype (Fig 3A), but when the more divergent budding yeast and fission
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positions of events along branches are not meant to imply relative timing of events, but are for visual clarity. Based on the presence of similar formins in unikont
and bikont organisms, the last common ancestor shared by unikonts and bikonts is likely to have encoded a Drf with G-DID-DD-FH1-FH2 domain organization
(yellow), and a PTEN-formin with PTP-C2-FH1-FH2 domain organization (dark red). PTEN-formins may have been lost from amoebozoan and apusozoan
lineages, and from many opisthokont lineages, but were retained in choanoflagellates and some fungi. In the lineage leading to the unikonts, the Drf is likely to
have duplicated, with the replacement of the Drf-type G domain in one formin with a structurally dissimilar G2 domain, to produce a non-Drf with G2-DID-DD-
FH1-FH2 domain organization (purple). In the opisthokonts, the non-Drf was lost from the holomycote lineage, but duplicated in the holozoan lineage, with
one isoform losing its DD to become the G2-DID-FH1-FH2 FHOD subtype (dark purple), and another losing G2-DID-DD to become the X-FH1-FH2 FMN
subtype (light purple). In the apusozoan and amoebozoan lineages, the G2-DID-DD-FH1-FH2 domain organization was retained in their FHOD/FMN-
related non-Drfs. The G-DID-DD-FH1-FH2 Drfs appear to have diversified independently in the amoebozoan, apusozoan, and opithokont lineages. In the
opisthokont lineage, the ancestral Drf is likely to have multiplied into at least three Drfs before the division of holozoa and holomycota. One resultant Drf
(Drf1, red) was DIAPH-like. Among the fungi, this DIAPH-like formin gave rise to the Yeast subtype (pink), while in the metazoans lineage, shortly after its
divergence from the choanoflagellates, DIAPH-like Drf1 duplicated, with one formin becoming the conserved G-DID-DD-FH1-FH2 DIAPH subtype (dark
orange), and the other replacing its N-terminal G-DID-DD to become the PDZ-PDZ-HN-PDZ-HN-FH1-FH2 GRID2IP subtype (light orange). A second
ancestral opisthokont Drf (Drf2, light blue) diversified in the holozoan lineage to give rise to the FMNL (green), MWHF (light green), and DAAM (dark teal)
subtypes, while producing in the holomycote lineage fungal and fonticulid formins related to the FMNL/MWHF/DAAM subtypes. At least one additional Drf
(Drf3, indigo) must have been present in the ancestral opisthokont to account for the holomycote G-DID-DD-FH1-FH2 Fungi-2 subtype (medium blue), and
possibly the holozoan DID-DD-FH1-FH2 INF subtype (dark blue). The PHCF subtype (gray), with domain organization PH-PH-FH1-FH2-PH, is widespread
among holozoans, but neither domain organization nor FH2 sequences provides any clues to its origin.

https://doi.org/10.1371/journal.pone.0186081.9005
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yeast sequences were omitted, the remaining proteins joined a choanoflagellate DIAPH-like
formin in a strongly supported group based on DID-DD sequences (bootstrap value 72, Fig
4B). These results suggest that Yeast subtype and fungal DIAPH-like formins may be holomy-
cote representatives of a DIAPH/GRID2IP/Yeast-super-group derived from an ancestral
DIAPH-like formin (Fig 5).

Based on FH2 domain and DID-DD sequences, one chytrid formin (SPPG_01270)
appeared among the holozoan DAAM proteins (Figs 2-4), but its branch in FH2 domain trees
and in a simpler DID-DD tree was also positioned close to well-supported nodes that linked
the DAAM, FMNL, and MWHEF subtypes into another super-group (Figs 2 and 4). Two alter-
native explanations for this are that the chytrid formin represents a holomycote DAAM-type
protein, or that it is generally related to all three subtypes (DAAM, FMNL, MWHF) due the
derivation of the DAAM, FMNL, and MWHE subtypes from a common ancestral formin.
Supporting the second possibility, three fonticulid formins also exhibited a mixed relatedness
to the DAAM, FMNL, and MWHE subtypes, with the formin H696_01212 appearing DAAM-
like based on FH2 domain sequence but FMNL- and MWHEF-related based on DID-DD seg-
uence, H696_05026 appearing DAAM-like based on DID-DD sequence but equally related to
DAAM, FMNL, and MWHEF based on FH2 domain sequence, and H696_04106 lacking an
annotated DID-DD sequence but having an FH2 domain also equally related to those three sub-
types (Figs 2 and 3). These combined results suggest that an ancestral opisthokont G-DID-DD-
FH1-FH2 Drf-type formin gave rise in the holozoan lineage to the DAAM, FMNL, and MWHF
proteins, while in the holomycote lineage, the same formin gave rise to a related group of fungal
and fonticulid proteins (Fig 5).

Based on FH2 domain sequence, one chytrid formin (SPPG_06650) clustered with the
choanoflagellate PTEN-formins with moderate to strong support (bootstrap values 59 and 91
in Figs 2 and 4 A, respectively). The Ensembl annotation for SPPG_06650 predicts this gene
encodes an N-terminally truncated FH2 domain. However, the upstream annotated gene
(SPPG_06651) is predicted to encode an N-terminal PTEN-like domain followed by an
FH1-like proline-rich stretch, and a short sequence homologous to the beginning of an FH2
domain. Considering this, it seems likely that the true full-length chytrid gene encompasses
both predicted genes (SPPG_06651_SPPG_06650) to encode a PTP-C2-FH1-FH2 formin sim-
ilar to the choanoflagellate PTEN-formins (Fig 1). A microsporidian formin (Eint_101200)
clustered with PHCEF subtype proteins based on its FH2 domain sequence (Fig 2), but its FH2
domain sequence is very divergent, leaving the possibility that this clustering reflects long-
branch attraction rather than true relatedness. Supporting this possibility, PHYRE? predicted
no PH domains for Eint_101200, but instead predicted an N-terminal PTEN-like domain with
PTP- and C2-like folds (Fig 1), suggesting this formin also belongs to the PTEN-formin sub-
type (indicated by double arrow in Fig 2).

The remaining fungal and fonticulid formins fell into the Fungi-2 subtype in most trees
(Figs 2-4). These formins were predicted by PHYRE? to encode a G-DID-DD-FH1-FH2 Drf-
type domain organization, with the addition of a Ras-associating (RA) domain at the extreme
N-terminus of the fonticulid formin (Fig 1). By FH2 domain, DID, or DID-DD sequence,
Fungi-2 subtype formins did not appear to be particularly related to any metazoan subtype.

Summarizing these observations, the common opisthokont ancestor for Holomycota and
Holozoa likely encoded at least three formins: a Drf-type G-DID-DD-FH1-FH2 formin that
gave rise to the DIAPH/GRID2IP/Yeast super-group formins, a second Drf-type G-DID-DD-
FH1-FH2 formin that in holozoans gave rise to the DAAM, FMNL, and MWHE proteins, and
a PTP-C2-FH1-FH2 PTEN-formin that was lost from metazoans but retained in some fungi
and choanoflagellates (Fig 5). No obvious FHOD, FMN, PHCEF, or INF relatives were found
among the holomycotes.
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Amoebozoan and apusozoan formins and evidence for a common
FHOD/FMN-related ancestral formin

To consider relationships among formins of organisms even more diverged from metazoans,
proteins were examined from Apusozoa and Ameobozoa, two sister groups of Opisthokonta
within Unikonta, one of the two primary clades of Eukaryota [41]. Twenty-seven formins were
examined from the apusozoan Thecamonas trahens and the amoebozoan D. discoideum. As
might be expected for organisms so distantly related to metazoans, many of their FH2 domains
did not cluster with metazoan subtypes in phylogenetic trees. The striking exceptions to this
were several formins from both organisms that were related to the FMN and FHOD subtypes.
Branches leading to these apusozoan and amoebozoan formins were positioned close to nodes
that joined the metazoan FMN and FHOD subtypes in a strongly supported super-group
(bootstrap values 59 and 72 in Figs 2 and 4A, respectively).

The N-terminal domain organizations of FHOD and FMN proteins differ dramatically (Fig
1). In this regard, amoebozoan and apusozoan FHOD/FMN-related formins appeared more
similar to the FHOD subtype proteins. PHYRE?-based analysis of four amoebozoan and apu-
sozoan FHOD/FMN-related formins predicted N-terminal G2 and DID structures, as well as a
DD, to yield a basic domain organization G2-DID-DD-FH1-FH2 shared by these proteins
(Fig 1). Moreover, the DIDs of these formins clustered with the FHOD subtype proteins in a
very strongly supported group (bootstrap value 99) (Fig 3B). Supporting these computational
predictions, an NMR-based structure determination of the N-terminus of one of these formins
(FORC of D. discoideum) had previously shown that it adopts an FHOD-like GTPase-binding
(G2) fold [44].

One divergent feature of two apusozoan FHOD/FMN-related proteins was a predicted PH
domain at their extreme N-terminus (Fig 1), but this was not observed in any amoebozoan or
holozoan homolog. Among opisthokont formins, PH domains are only found in PHCFs. The
absence of strong similarity between the FH2 sequences of PHCF and FHOD/FMN proteins,
and the absence of PH domains from amoebozoan and holozoan homologs, argue against
these PH domains resulting from a shared ancestry with PHCFs, but are likely an apusozoan
innovation.

These results suggest that the common unikont ancestor for Opisthokonta, Apusozoa, and
Amoebozoa encoded an ancestral FHOD/FMN-related formin with a G2-DID-DD-FH1-FH2
domain organization (Fig 5). Among apusozoans, an N-terminal PH domain was acquired.
Among opisthokonts, this formin appears to have been lost from holomycotes, but was dupli-
cated in holozoans. One of these holozoan duplicates lost its DD to become the FHOD subtype
with G2-DID-FH1-FH2 domain organization, while for the other duplicate, the entire N-ter-
minus was replaced with novel sequence to produce the X-FH1-FH2 FMN subtype (Fig 5).

Most remaining apusozoan and amoebozoan formins featured a Drf-type
G-DID-DD-FH1-FH2 domain organization, often supplemented with additional domains
and motifs unique to particular isoforms [9,11]. None of these formins grouped strongly with
a metazoan subtype based on FH2 domain or DID-DD sequences (Figs 2-4). It is possible that
the long evolutionary separation of these organisms from opisthokonts erased evidence of
shared origins for distinct Drf subtypes. Alternatively their common unikont ancestor may
have encoded a single Drf-type formin that multiplied independently in each lineage (Fig 5).

Bikont formins and evidence for a PTEN-formin in the common ancestor
of unikonts and bikonts

The organisms considered so far belong to the major eukaryotic clade Unikonta. A previous
study examined formins from species of the second major clade, Bikonta, but observed no
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particular relatedness between those formins and any unikont subtype [12]. However, many
bikont formins, particularly from species belonging to Plantae and Heterokonta, have a
domain organization PTP-C2-FH1-FH2, similar to the fungal and choanoflagellate PTEN-for-
mins identified here [12,45]. To reexamine the relationships between unikont and bikont pro-
teins, forty bikont formins were identified from two representatives of Plantae, Arabidopsis
thaliana and Physcomitrella patens, and two representatives of Heterokonta, Phaedactylum tri-
cornutum and Phytophthora ramorum (S1 Table). Their FH2 domain sequences were aligned
with those from the unikonts, and a ML tree was estimated and tested by bootstrap analysis
(S1 Fig). In many respects, this tree reproduced what had been found previously [12]. Plant
formins gathered into three previously described subtypes, Class I, Class II, and Class III, with
modest kinship between Class I and Class III subtypes (bootstrap value 48). Most heterokont
formins fell into a single weakly supported group that was associated with Class II plant for-
mins through a poorly supported node (bootstrap value 15). Also supporting what was previ-
ously observed (Grunt et al., 2008), there was no apparent relationship between any bikont
formin subtype and any particular unikont formin subtype based on estimated FH2 domain
phylogeny (S1 Fig).

To probe for potential relatedness specifically between the unikont and bikont PTEN-for-
mins, PTEN-like domain sequences of ten formins and seventeen non-formin proteins were
aligned and a ML phylogenetic tree was estimated (Fig 6). Again, this tree reproduced several
of results of a similar PTEN-like phylogenetic analysis of bikont and unikont proteins [12],
showing no particular relationship between plant and heterokont PTEN-formins, or between
PTEN-formins and non-formins. However, a novel result was a clustering of the fungal and
choanoflagellate PTEN-formins with the heterokont PTEN-formins as a single subtype behind
a strongly supported node (bootstrap value 78) (Fig 6). This suggests unikont PTEN-formins
and at least some of the bikont PTEN-formins share a common ancestry (Fig 5).

Model for the origins of metazoan formin diversity

From this analysis and building on the previous work of others, one possible model is pre-
sented here for the pattern of formin diversification that resulted in the extant metazoan for-
min subtypes (Fig 5). Based on the presence of Drf-type formins in unikonts and bikonts, a
previously proposed model for the diversification of the plant formins had suggested the last
common eukaryotic ancestor for the unikonts and bikonts encoded at least one Drf with
G-DID-DD-FH1-FH2 domain organization [12]. Based on the additional shared presence of
related PTEN-formins among unikonts and bikonts (Figs 1 and 6), the model presented here
begins with at least two formins in the last common eukaryotic ancestor, including a Drf and a
PTEN-formin.

Among the unikonts, the Drfs are found in apusozoans, amoebozoans, and opisthokonts,
suggesting the ancestral Drf was inherited by each of these lineages. Additionally, these groups
of unikonts also generally share a group of non-Drf proteins that resemble Drfs, but are char-
acterized by a substitution of the Drf-type G domain for a structurally dissimilar G2 domain.
Based on the similar domain organizations of Drfs (G-DID-DD-FH1-FH2) and these non-
Drfs (G2-DID-DD-FH1-FH2), arose from a duplication and divergence of an ancestral Drf.
The presence of such non-Drfs among apusozoans, amoebozoans, and opisthokonts suggests
this duplication and divergence occurred early in the unikont lineage, before the divergence of
those three groups. Based on an absence of apparent further similarity of subgroups of the
Drfs and non-Drfs of these organisms, this model suggests the ancestral Drfs and non-Drfs
further multiplied and diverged independently within the apusozoans, amoebozoans, and
opisthokonts.
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Evolutionary histories for 27 PTEN-like domain sequences of formin and non-formin proteins from the
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occupied in all sequences. Major groups of related PTEN-like domains identified include unikont PTEN
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opisthokont and heterokont PTEN-formins. All bootstrap values are indicated, and the scale bar indicates the
number of substitutions per site for branch lengths.

https://doi.org/10.1371/journal.pone.0186081.g006

Within the opisthokonts, the ancestral Drf likely diversified early, explaining the observa-
tion that holomycotes (including the fungi) and holozoans (including metazoans and choano-
flagellates) share several related groups of Drfs. One ancestral opisthokont Drf (Drfl) was
likely similar in sequence to the metazoan DIAPH formins. Thus, DIAPH-like formins can be
found broadly among the fungi, including the well-studied formins of the budding and fission
yeasts. Within the metazoan lineage, the ancestral DIAPH-like formin appears to have dupli-
cated very early, just after the divergence of metazoans from choanoflagellates, to give rise to
the conserved DIAPH subtype and to the GRID2IP subtype which acquired a novel PDZ/HN
domain-rich N-terminus.

A second ancestral opisthokont Drf-type protein (Drf2) appears to have diversified indepen-
dently in the holozoans and holomycotes, to give rise to DAAM, FMNL, and MWHE subtypes
in metazoans and choanoflagellates, and to a group of holomycote formins that show interme-
diate relatedness to the DAAM/FMNL/MWHE subtype proteins. Additional ancestral opistho-
kont Drfs were also likely present to give rise to the formins of the holomycote Fungi-2 subtype,
and possibly the INF subtype formins of metazoans and choanoflagellates. The model in Fig 5
includes a speculative suggestion that INF and Fungi-2 formins share a common origin from a
putative third opisthokont Drf (Drf3), but absence of strong similarity between these two for-

min groups makes it at least as likely that they derive from distinct ancestral proteins.

Among the opisthokonts, the G2-DID-DD-FH1-FH2 non-Drf appears to have been lost
from the holomycotes, but duplicated and diverged in the holozoan lineage. One duplicate lost
its dimerization motif to become the FHOD subtype proteins with the domain organization
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G2-DID-FH1-FH2. The other duplicate lost all of its N-terminal domains and adopted a novel
N-terminus, producing the FMN proteins with domain organization X-FH1-FH2. Thus, based
on domain organization, the FMN proteins are unrecognizable as descendants of the ancestral
non-Drf. However, the clear relatedness of the FMN FH2 domain sequences to those of FHOD
proteins and ameobozoan and apusozoan non-Drfs strongly supports this origin. The presence
of distinct FHOD and/or FMN subtype proteins in all the holozoans examined here suggests
that the duplication and divergence of the ancestral non-Drf occurred in the holozoan lineage
before the divergence of the metazoans, choanoflagellates and filastereans.

Thus, this model suggests that eight of the nine metazoan formin subtypes ultimately arose
from a G-DID-DD-FH1-FH2 Drf and a G2-DID-DD-FH1-FH2 non-Drf that were present in
the last common unikont ancestor of the apusozoans, amoebozoans, and opisthokonts. The
model suggests the PTEN-formin was also present in this ancestral unikont. Based on the sin-
gle representatives of Apusozoa and Amoebozoa examined here, the PTEN-formin might have
been lost from the lineages leading to those groups. Among the opisthokonts, PTEN-formins
appear to have been lost among several lineages, including the metazoans, but were retained
among others, including the fungi and choanoflagellates.

The origin of the ninth metaozoan subtype, the PHCFs, is unclear. PHCF homologs were
found in representatives from all the holozoan groups examined here, suggesting that the last
common holozoan ancestor encoded a PHCF. However, among the formins sampled here, the
PH-PH-FH1-FH2-PH domain structure is unique to PHCFs, and the FH2 domain sequences
of PHCFs show no particularly strong relatedness to other eukaryotic formin subtypes. One
possible explanation for this is that PHCFs might have arisen through horizontal transfer into
the holozoan ancestor from some other lineage. The presence of formins with PH domains
among heterokonts (Grunt et al., 2008) points to a possible source. Alternatively, the ancestral
PHCEF might have arisen through a novel rearrangement that combined an FH2 domain with
a series of three PH domains. This, coupled to a particularly high degree of sequence diver-
gence for this FH2 domain might have obscured its relationship to other formins. Perhaps
with identification of additional non-metazoan formins, the relationship between the PHCFs
and the remaining members of the formin family tree will be discovered.

Conclusions

While previous phylogenetic studies have delineated conserved subgroups of formins within
particular kingdoms of organisms, they have generally failed at revealing relationships between
formins from different kingdoms. With the availability of genomes from organisms more
broadly distributed across the eukaryotic family tree, it is now becoming possible to trace
some of these relationships. As shown here, the origins of the formin subtypes of the metazo-
ans are deep. The evidence suggests a gradual process of formin duplication and divergence
occurred over time during the evolution of metazoans from an ancient unikont ancestor.

Formin diversity seems likely to contribute to the ability of metazoan cells to assemble a
wide variety of cytoskeletal architectures, particularly actin-based ones. Formin diversity may
also have contributed to the evolution and diversification of actin, itself, in metazoans. Actin
plays essential roles in the cell, and interacts with bewildering number of proteins, placing
strong constraints on its ability to evolve. It has been hypothesized that the ability of cells to
assemble distinct populations of actin filaments, which provide alternative selective environ-
ments for actin, may have been a precondition to allow for the evolution of multiple actin iso-
forms in metazoans [46]. Considering the very early roots of formin diversity shown here, it
seems likely formin evolution may have been an early contributor to setting the stage for the
evolution and diversification of actin and other cytoskeletal proteins in metazoans.
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by the ML method using the LG + G model for 270 positions that were occupied > 95% of
FH2 sequences. Most previously identified major groups of unikont formins were reproduced
here, as were the three plant formin subtypes (Class I, Class II, Class III), and a group of het-
erokont formins that was associated with the Class II plant formins. Formins that encode N-
terminal PTEN-like domains are indicated with red arrows. All bootstrap values are indicated,
and the scale bar indicates the number of substitutions per site for branch lengths.

(TIF)

Acknowledgments

Sequences were obtained from publically available databases, which serve as vitally important
resources maintained by the National Center for Biotechnology Information and by Ensembl
Genomes.

Author Contributions
Conceptualization: David Pruyne.
Data curation: David Pruyne.

Formal analysis: David Pruyne.
Funding acquisition: David Pruyne.
Investigation: David Pruyne.
Methodology: David Pruyne.

Project administration: David Pruyne.
Resources: David Pruyne.
Visualization: David Pruyne.

Writing - original draft: David Pruyne.

Writing - review & editing: David Pruyne.

References

1. Castrillon DH, Wasserman SA. diaphanous is required for cytokinesis in Drosophila and shares
domains of similarity with the products of the limb deformity gene. Development. 1994; 120:3367-3377.
PMID: 7821209

2. Breitsprecher D, Goode BL. Formins at a glance. J Cell Sci. 2013; 126:1-7. https://doi.org/10.1242/jcs.
107250 PMID: 23516326

3. CvrekovaF, Oulehlova D, Zérsky V. Formins: Linking cytoskeleton and endomembranes in plant cells.
Int J Mol Sci. 2014; 16:1-18. https://doi.org/10.3390/jms16010001 PMID: 25546384

4. Grikscheit K, Grosse R. Formins at the junction. Trends Biochem Sci. 2016; 41:148—159. https://doi.
org/10.1016/j.tibs.2015.12.002 PMID: 26732401

PLOS ONE | https://doi.org/10.1371/journal.pone.0186081 October 5, 2017 16/18


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186081.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186081.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0186081.s003
http://www.ncbi.nlm.nih.gov/pubmed/7821209
https://doi.org/10.1242/jcs.107250
https://doi.org/10.1242/jcs.107250
http://www.ncbi.nlm.nih.gov/pubmed/23516326
https://doi.org/10.3390/ijms16010001
http://www.ncbi.nlm.nih.gov/pubmed/25546384
https://doi.org/10.1016/j.tibs.2015.12.002
https://doi.org/10.1016/j.tibs.2015.12.002
http://www.ncbi.nlm.nih.gov/pubmed/26732401
https://doi.org/10.1371/journal.pone.0186081

@° PLOS | ONE

Evolution of formin subtypes

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

Goode BL, Eck MJ. Mechanism and function of formins in the control of actin assembly. Annu Rev Bio-
chem. 2007; 76:593—-627. https://doi.org/10.1146/annurev.biochem.75.103004.142647 PMID:
17373907

Carlier MF, Pernier J, Montaville P, Shekhar S, Kiihn S. Control of polarized assembly of actin filaments
in cell motility. Cell Mol Life Sci. 2015; 72:3051-3067. https://doi.org/10.1007/s00018-015-1914-2
PMID: 25948416

Romero S, Le Clainche C, Didry D, Egile C, Pantolini D, Carlier MF. Formin is a processive motor that
requires profilin to accelerate actin assembly and associated ATP hydrolysis. Cell. 2004; 119:419-429.
https://doi.org/10.1016/j.cell.2004.09.039 PMID: 15507212

Kovar DR, Harris ES, Mahaffy R, Higgs HN, Pollard TD. Control of the assembly of ATP- and ADP-actin
by formins and profilin. Cell. 2006; 124:423—435. https://doi.org/10.1016/j.cell.2005.11.038 PMID:
16439214

Chalkia D, Nikolaidis N, Makalowski W, Klein J, Nei M. Origins and evolution of the formin multigene
family that is involved in the formation of actin filaments. Mol Biol Evol. 2008; 25:2717-2733. https://doi.
org/10.1093/molbev/msn215 PMID: 18840602

Higgs HN, Peterson KJ. Phylogenetic analysis of the formin homology 2 domain. Mol Biol Cell. 2005’
16:1-13. https://doi.org/10.1091/mbc.E04-07-0565 PMID: 15509653

Rivero F, Muramoto T, Meyer A-K, Urushihara H, Uyeda T-QP, Kitayama C. A comparative sequence
analysis reveals a common GBD/FH3-FH1-FH2-DAD architecture in formins from Dictyostelium, fungi
and metazoa. BMC Genomics. 2005; 6:28. https://doi.org/10.1186/1471-2164-6-28 PMID: 15740615

Grunt M, Za'rsky V, Cvrckova F. Roots of angiosperm formins: The evolutionary history of plant FH2
domain-containing formins. BMC Evol Biol. 2008; 8:115. https://doi.org/10.1186/1471-2148-8-115
PMID: 18430232

Pruyne D. Revisiting the phylogeny of the animal formins: Two new subtypes, relationships with Multiple
Wing Hairs proteins, and a lost human formin. PLoS One. 2016; 11:e0164067. https://doi.org/10.1371/
journal.pone.0164067 PMID: 27695129

Rose R, Weyand M, Lammers M, Ishizaki T, Ahmadian MR, Wittinghofer A. Structural and mechanistic
insights into the interaction between Rho and mammalian Dia. Nature. 2005; 435:513-518. https://doi.
org/10.1038/nature03604 PMID: 15864301

Otomo T, Otomo C, Tomchick DR, Machius M, Rosen MK. Structural basis of Rho GTPase-mediated
activation of the formin mDia1. Mol Cell. 2005; 18:273-281. https://doi.org/10.1016/j.molcel.2005.04.
002 PMID: 15866170

Chhabra ES, Higgs HN. INF2 is a WASP homology 2 motif-containing formin that severs actin filaments
and accelerates both polymerization and depolymerization. J Biol Chem. 2006; 281:26754—-26767.
https://doi.org/10.1074/jbc.M604666200 PMID: 16818491

Vaillant DC, Copeland SJ, Davis C, Thurston SF, Abdennur N, Copeland JW. Interaction of the N- and
C-terminal autoregulatory domains of FRL2 does not inhibit FRL2 activity. J Biol Chem. 2008;
283:33750-33762. https://doi.org/10.1074/jbc.M803156200 PMID: 18835814

Gould CJ, Maiti S, Michelot A, Graziano BR, Blanchoin L, Goode BL. The formin DAD domain plays
dual roles in autoinhibition and actin nucleation. Curr Biol. 2011; 21:384-390. https://doi.org/10.1016/j.
cub.2011.01.047 PMID: 21333540

Carlier MF, Pernier J, Avvaru BS. Control of actin filament dynamics at barbed ends by WH2 domains:
From capping to permissive and processive assembly. Cytoskeleton (Hoboken). 2013; 70:540-549.

Dominguez R. The WH2 domain and actin nucleation: Necessary but insufficient. Trends Biochem Sci.
2016; 41:478-490. https://doi.org/10.1016/).tibs.2016.03.004 PMID: 27068179

Alberts A. Identification of a carboxyl-terminal diaphanous-related formin homology protein autoregula-
tory domain. J Biol Chem. 2001; 276:2824—2830. https://doi.org/10.1074/jbc.M006205200 PMID:
11035012

Li F, Higgs HN. Dissecting requirements for auto-inhibition of actin nucleation by the formin, mDia1. J
Biol Chem. 2005; 280:6986—6992. https://doi.org/10.1074/jbc.M411605200 PMID: 15591319

Li F, Higgs HN. The mouse formin mDia1 is a potent actin nucleation factor regulated by autoinhibition.
Curr Biol. 2003; 13:1335-1340. PMID: 12906795

Lammers M, Rose R, Scrima A, Wittinghofer A. The regulation of mDia1 by autoinhibition and its
release by RhoeGTP. EMBO J. 2005; 24:4176—4187. https://doi.org/10.1038/sj.emboj.7600879 PMID:
16292343

Kihn S, Geyer M. Formins as effector proteins of Rho GTPases. Small GTPases. 2014; 5:29513.
https://doi.org/10.4161/sgtp.29513 PMID: 24914801

PLOS ONE | https://doi.org/10.1371/journal.pone.0186081 October 5, 2017 17/18


https://doi.org/10.1146/annurev.biochem.75.103004.142647
http://www.ncbi.nlm.nih.gov/pubmed/17373907
https://doi.org/10.1007/s00018-015-1914-2
http://www.ncbi.nlm.nih.gov/pubmed/25948416
https://doi.org/10.1016/j.cell.2004.09.039
http://www.ncbi.nlm.nih.gov/pubmed/15507212
https://doi.org/10.1016/j.cell.2005.11.038
http://www.ncbi.nlm.nih.gov/pubmed/16439214
https://doi.org/10.1093/molbev/msn215
https://doi.org/10.1093/molbev/msn215
http://www.ncbi.nlm.nih.gov/pubmed/18840602
https://doi.org/10.1091/mbc.E04-07-0565
http://www.ncbi.nlm.nih.gov/pubmed/15509653
https://doi.org/10.1186/1471-2164-6-28
http://www.ncbi.nlm.nih.gov/pubmed/15740615
https://doi.org/10.1186/1471-2148-8-115
http://www.ncbi.nlm.nih.gov/pubmed/18430232
https://doi.org/10.1371/journal.pone.0164067
https://doi.org/10.1371/journal.pone.0164067
http://www.ncbi.nlm.nih.gov/pubmed/27695129
https://doi.org/10.1038/nature03604
https://doi.org/10.1038/nature03604
http://www.ncbi.nlm.nih.gov/pubmed/15864301
https://doi.org/10.1016/j.molcel.2005.04.002
https://doi.org/10.1016/j.molcel.2005.04.002
http://www.ncbi.nlm.nih.gov/pubmed/15866170
https://doi.org/10.1074/jbc.M604666200
http://www.ncbi.nlm.nih.gov/pubmed/16818491
https://doi.org/10.1074/jbc.M803156200
http://www.ncbi.nlm.nih.gov/pubmed/18835814
https://doi.org/10.1016/j.cub.2011.01.047
https://doi.org/10.1016/j.cub.2011.01.047
http://www.ncbi.nlm.nih.gov/pubmed/21333540
https://doi.org/10.1016/j.tibs.2016.03.004
http://www.ncbi.nlm.nih.gov/pubmed/27068179
https://doi.org/10.1074/jbc.M006205200
http://www.ncbi.nlm.nih.gov/pubmed/11035012
https://doi.org/10.1074/jbc.M411605200
http://www.ncbi.nlm.nih.gov/pubmed/15591319
http://www.ncbi.nlm.nih.gov/pubmed/12906795
https://doi.org/10.1038/sj.emboj.7600879
http://www.ncbi.nlm.nih.gov/pubmed/16292343
https://doi.org/10.4161/sgtp.29513
http://www.ncbi.nlm.nih.gov/pubmed/24914801
https://doi.org/10.1371/journal.pone.0186081

@° PLOS | ONE

Evolution of formin subtypes

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.
40.

41.

42,

43.

44.

45.

46.

Schulte A, Stolp B, Schénichen A, Pylypenko O, Rak A, Fackler OT, et al. The human formin FHOD1
contains a bipartite structure of FH3 and GTPase-binding domains required for activation. Structure.
2008; 16:1313—-1323. https://doi.org/10.1016/}.str.2008.06.008 PMID: 18786395

Miyagi Y, Yamashita T, Fukaya M, Sonoda T, Okuno T, Yamada K, et al. Delphilin: A novel PDZ and for-
min homology domain-containing protein that synaptically colocalizes and interacts with glutamate
receptor delta 2 subunit. J Neurosci. 2002; 22:803-814. PMID: 11826110

Higgs HN. Formin proteins: A domain-based approach. Trends Biochem Sci. 2005; 30:342—-353.
https://doi.org/10.1016/j.tibs.2005.04.014 PMID: 15950879

Matsuda K, Matsuda S, Gladding CM, Yuzaki M. Characterization of the delta2 glutamate receptor-
binding protein delphilin: Splicing variants with differential palmitoylation and an additional PDZ domain.
J Biol Chem. 2006; 281:25577-25587. https://doi.org/10.1074/jbc.M602044200 PMID: 16835239

Kersey PJ, Allen JE, Armean |, Boddu S, Bolt BJ, Carvalho-Silva D, et al. Ensembl Genomes 2016:
More genomes, more complexity. Nucleic Acids Res. 2016; 44:D547-D580.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. 1990. Basic local alignment search tool. J Mol
Biol. 215:403—410. https://doi.org/10.1016/S0022-2836(05)80360-2 PMID: 2231712

Marchler-Bauer A, Bryant SH. CD-search: Protein domain annotations on the fly. Nucleic Acids Res.
2004; 32:W327-W331. https://doi.org/10.1093/nar/gkh454 PMID: 15215404

Marchler-Bauer A, Derbyshire MK, Gonzales NR, Lu S, Chitsaz F, Geer LY, Geer RC, et al. CDD:
NCBI’s conserved domain database. Nucleic Acids Res. 2015; 43:D222—-D226. https://doi.org/10.1093/
nar/gku1221 PMID: 25414356

Kelley LA, Mezulis S, Yates CM, Wass MN, Sternberg MJ. The Phyre2 web portal for protein modeling,
prediction and analysis. Nat Protoc. 2015; 10:845-858. https://doi.org/10.1038/nprot.2015.053 PMID:
25950237

Thompson JD, Higgins DG, Gibson TJ. CLUSTAL W: Improving the sensitivity of progressive multiple
sequence alignment through sequence weighting, position-specific gap penalties and weight matrix
choice. Nucleic Acids Res. 1994; 22:4673-4680. PMID: 7984417

Le SQ, Gascuel O. An improved general amino acid replacement matrix. Mol Biol Evol. 2008; 25:1307-
1320. https://doi.org/10.1093/molbev/msn067 PMID: 18367465

Yang Z. Maximum-likelihood estimation of phylogeny from DNA sequences when substitution rates dif-
fer over sites. Mol Biol Evol. 1993; 10:1396-1401. PMID: 8277861

Tamura K, Stecher G, Peterson D, Filipski A, Kumar S. MEGA6: Molecular evolutionary genetics analy-
sis version 6.0. Mol Biol Evol. 2013; 30:2725-2729. https://doi.org/10.1093/molbev/mst197 PMID:
24132122

Nei M, Kumar S. Molecular Evolution and Phylogenetics. New York: Oxford University Press; 2000.

Lang BF, O’'Kelly C, Nerad T, Gray MW, Burger G. The closest unicellular relatives of animals. Curr
Biol. 2002; 12:1773-1778. PMID: 12401173

Paps J, Medina-Chacén LA, Marshall W, Suga H, Ruiz-Trillo I. Molecular phylogeny of unikonts: New
insights into the position of apusomonads and ancyromonads and the internal relationships of opistho-
konts. Protist. 2013; 164:2—12. https://doi.org/10.1016/j.protis.2012.09.002 PMID: 23083534

Liu Y, Steenkamp ET, Brinkmann H, Forget L, Philippe H, Lang BF. Phylogenomic analyses predict sis-
tergroup relationship of nucleariids and Fungi and paraphyly of zygomycetes with significant support.
BMC Evol Biol. 2009; 9:272. https://doi.org/10.1186/1471-2148-9-272 PMID: 19939264

Brown MW, Spiegel FW, Silberman JD. Phylogeny of the "forgotten” cellular slime mold, Fonticula alba,
reveals a key evolutionary branch within Opisthokonta. Mol Biol Evol. 2009; 26:2699-2709. https://doi.
org/10.1093/molbev/msp185 PMID: 19692665

Dames SA, Junemann A, Sass HJ, Schonichen A, Stopschinski BE, Grzesiek S, et al. Structure,
dynamics, lipid binding, and physiological relevance of the putative GTPase-binding domain of Dictyos-
telium formin C. J Biol Chem. 2011; 286:36907-36920. https://doi.org/10.1074/jbc.M111.225052
PMID: 21846933

Cvrékova F, Novotny M, Pickova D, Zarsky V. Formin homology 2 domains occur in multiple contexts in
angiosperms. BMC Genomics. 2004; 5:44. https://doi.org/10.1186/1471-2164-5-44 PMID: 15256004

Gunning PW, Ghoshdastider U, Whitaker S, Popp D, Robinson RC. The evolution of compositionally
and functionally distinct actin filaments. J Cell Sci. 2015; 128:2009-2019. https://doi.org/10.1242/jcs.
165563 PMID: 25788699

PLOS ONE | https://doi.org/10.1371/journal.pone.0186081 October 5, 2017 18/18


https://doi.org/10.1016/j.str.2008.06.008
http://www.ncbi.nlm.nih.gov/pubmed/18786395
http://www.ncbi.nlm.nih.gov/pubmed/11826110
https://doi.org/10.1016/j.tibs.2005.04.014
http://www.ncbi.nlm.nih.gov/pubmed/15950879
https://doi.org/10.1074/jbc.M602044200
http://www.ncbi.nlm.nih.gov/pubmed/16835239
https://doi.org/10.1016/S0022-2836(05)80360-2
http://www.ncbi.nlm.nih.gov/pubmed/2231712
https://doi.org/10.1093/nar/gkh454
http://www.ncbi.nlm.nih.gov/pubmed/15215404
https://doi.org/10.1093/nar/gku1221
https://doi.org/10.1093/nar/gku1221
http://www.ncbi.nlm.nih.gov/pubmed/25414356
https://doi.org/10.1038/nprot.2015.053
http://www.ncbi.nlm.nih.gov/pubmed/25950237
http://www.ncbi.nlm.nih.gov/pubmed/7984417
https://doi.org/10.1093/molbev/msn067
http://www.ncbi.nlm.nih.gov/pubmed/18367465
http://www.ncbi.nlm.nih.gov/pubmed/8277861
https://doi.org/10.1093/molbev/mst197
http://www.ncbi.nlm.nih.gov/pubmed/24132122
http://www.ncbi.nlm.nih.gov/pubmed/12401173
https://doi.org/10.1016/j.protis.2012.09.002
http://www.ncbi.nlm.nih.gov/pubmed/23083534
https://doi.org/10.1186/1471-2148-9-272
http://www.ncbi.nlm.nih.gov/pubmed/19939264
https://doi.org/10.1093/molbev/msp185
https://doi.org/10.1093/molbev/msp185
http://www.ncbi.nlm.nih.gov/pubmed/19692665
https://doi.org/10.1074/jbc.M111.225052
http://www.ncbi.nlm.nih.gov/pubmed/21846933
https://doi.org/10.1186/1471-2164-5-44
http://www.ncbi.nlm.nih.gov/pubmed/15256004
https://doi.org/10.1242/jcs.165563
https://doi.org/10.1242/jcs.165563
http://www.ncbi.nlm.nih.gov/pubmed/25788699
https://doi.org/10.1371/journal.pone.0186081

