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Eukaryotes employ a subset of dynamins to mediate mitochondrial fusion and
fission dynamics. Here we report the molecular evolution and diversification
of the dynamin-related mitochondrial proteins that drive the fission (Drpl)
and the fusion processes (mitofusin and OPA1l). We demonstrate that the
three paralogs emerged concurrently in an early mitochondriate eukaryotic
ancestor. Furthermore, multiple independent duplication events from an
ancestral bifunctional fission protein gave rise to specialized fission proteins.
The evolutionary history of these proteins is marked by transformations that
include independent gain and loss events occurring at the levels of entire
genes, specific functional domains, and intronic regions. The domain level
variations primarily comprise loss—gain of lineage specific domains that are
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present in the terminal regions of the sequences.
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Mitochondria are dynamic, bilayered membrane-bound,
self-replicating, energy-producing organelles of eukary-
otic cells derived from the endosymbiosis of purple
non-sulfur bacteria by an ancestral host cell [1-6]. Sub-
sequent to the endosymbiotic event, mitochondria have
undergone substantial evolution in terms of metabolic
capabilities and ultrastructure [7-11]. The Dynamin-
related proteins (DRPs) that belong to the Dynamin
superfamily are essential to determine the mitochondrial
shape and to regulate remodeling by mediating mem-
brane fission—fusion dynamics [12-16]. Mitochondrial
fission/division is regulated by the Dynamin-related
protein 1, Drpl [12,13,17-21]. The mechanism of fusion
requires the coordinated sequential fusion of the outer
membranes (OMM) and the inner membranes (IMM)
induced by the Mitofusin (Mfnl/2) proteins and the
Optic atrophy 1 protein (OPA1), respectively [17,22-29].
In yeast, OPA1 (Mgml) is known to maintain
mitochondrial ultrastructure and morphology, in addi-
tion to regulating fusion [30,31]. In general, these
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proteins undergo GTPase dependent conformational
changes to mediate mitochondrial membrane remodel-
ing [32-34].

An early comparative analysis of fission and fusion
Dynamin superfamily protein (DSP) sequences sug-
gested a prokaryotic origin of a common ancestor of
proteins regulating vesicle and organellar dynamics in
eukaryotes. However, the mode of diversification of
the DSPs across eukaryotic lineages after the gene
duplication event in the last eukaryotic common ances-
tor (LECA) was unclear due to the limited dataset
used [20]. A subsequent large scale comparative study
of functionally diverse DSPs proposed multiple dupli-
cation events that led to the divergence of the present
day DRPs [35]. Purkanti and Thattai proposed that an
ancestral bifunctional mitochondrial fission dynamin
(hereafter referred to as Drp/Dyn) that existed in the
LECA, also mediated vesicle session. The bifunctional
dynamin duplicated into specialized vesicle scission
protein (the classical dynamin, Dynl) and the
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mitochondrial fission protein independently in the
metazoa, green algae, and the alveolates. Primarily,
patterns of conservation and divergence of fission
DSPs at the level of protein sequences represented as
short conserved segments were used to deduce their
evolutionary relationships across eukaryotes. However,
the study excluded the highly divergent mitochondrial
fusion DSPs and bacterial-dynamin-like proteins
(BDLPs).

Here we present a comprehensive evolutionary anal-
ysis of the DRPs involved in mitochondrial morphody-
namics by including the fission and fusion proteins,
the prokaryotic BDLPs, and the classical vesicle scis-
sion dynamins. In our method, we have incorporated
data from conservation patterns of gene splice sites in
addition to data from protein sequences. We show that
the LECA likely encoded the bifunctional fission pro-
tein (Drp/Dyn) and both the fusion proteins (OPAI
and Mfnl). Our results uncover distinct sequence level
diversification that may be correlated with the evolu-
tion of mitochondrial dynamics and ultrastructure in
specific eukaryotic lineages.

Materials and methods

Data retrieval, determination of domain
architecture, and multiple sequence alignment

We identified putative full-length orthologs and paralogs of
DSPs from all eukaryotic supergroups through several
rounds of exhaustive searches using annotated DSP pro-
teins as queries. These include members from Animalia,
Fungi, Angiospermeae, and basal eukaryotes (apusozoan,
Amoebozoa, Choanoflagellata, chromalveolates, excavates,
and rhodophytes). The NCBI database was used as a
source of sequences. Homologs were identified based on
sequence similarity (NCBI BLAST tools, namely, BLASTp,
PSI-BLAST, and tBLASTn), domain architecture, and sub-
cellular localization (Text S1). The multiple sequence align-
ment (MSA) was generated using MAFFT v7.245. (G-INS-1
strategy). BIOEDIT7.25 software was used to edit the align-
ment to include only the GTPase region in the alignment.
Sequences retrieved in this study and the corresponding
subcellular localization are listed in Table S1. File S1 con-
tains the full protein alignment of all the sequences in the
dataset. Espript3 (http://espript.ibcp.fr) was used to display
the multiple sequence alignment [36].

Phylogenetic analyses and ancestral sequence
reconstruction

Phylogenetic analysis was performed for the full-length pro-
tein alignment and the region encompassing the GTPase
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domain alone. The selection for the best model [LG model,
based on AIC (Akaike information criterion)] and gamma
parameter was done using MEGA6.0 [37,38]. Branch position
was optimized with a nearest neighbor interchange (NNI)
algorithm. The phylogenetic trees were generated based on
the maximum likelihood (ML) method and Bayesian strate-
gies using RAXML and MR.BAYES v.3.2.2 programs. In Baye-
sian analysis, optimal tree topology and posterior
probability (PP) values for the nodes, with 100 000 000
Markov Chain Monte Carlo generations using stop value
of 0.01 and the burn-in value were determined graphically
by removing trees before the plateau. The trees were visual-
ized using FigTree (http://tree.bio.ed.ac.uk/software/figtree/)
and iTOL (http://itol.embl.de/) [39]. The methodology used
is shown in Fig. S1. FastML server [40,41] was used to
determine the ancestral sequence of LECA using default
settings and LG model, using both marginal and joint
reconstruction strategies. The ancestral sequences were thus
analyzed to define the domain architecture of the sequence
in the LECA.

Gene structure analysis

The exon—intron organization of all genes was determined
using the GENE STRUCTURE DISPLAY SERVER (GSDS) software
(http://gsds.cbi.pku.edu.cn/) [42] and splice sites, intronic
phases, and amino acids corresponding to the sequence of
each sequence were marked in the alignment file obtained
in the multiple sequence alignment obtained earlier
(File S1).

Functional divergence tests

Functional divergences (type I and type II) between clusters
were tested using DIVERGE 2.0 software [43]. Pairwise coeffi-
cients (0; £ SE) and likelihood ratio statistics (LRT) using
metazoan Mfn sequences (Mfnl/Mfn2 and Mfn from tetra-
pods and protostomes) and OPA1l sequences from fungi
and metazoa, respectively, were computed.

Results

Identification and origin of mitochondrial fission
and fusion DSPs

In keeping with the available evidence for the origin
and evolution of the DSPs, a recent classification
scheme refers to the DRPs (namely, Drp/Dyn, Drpl,
Mfn, and OPA1) as ‘ancient’ dynamins, whereas the
classical metazoan vesicle scission dynamins (Dynl)
are termed ‘modern’ dynamins’ [44]. In our study, we
follow the above scheme for the definition of the DSP
orthologs and paralogs. The orthologs of meta-
zoan vesicle scission dynamins, ancient bifunctional
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dynamins and specialized mitochondrial fission dyna-
mins are referred to as Dynl, Drp/Dyn, and Drpl,
respectively. The OMM and IMM fusion mitofusin
orthologs are referred to as Mfn or Mfnl/2 and
OPAL, respectively.

Orthologs of fission DRPs were identified in both
unikont (apusozoans, oomycetes, amoebozoans) and
bikont (rhodophytes, chromalveolates, excavates) lin-
eages suggesting that the gene first emerged in the
ancestor of these lineages and probably in the LECA.
In the unikonts, specialized mitochondrial fission Drpl
orthologs were present only in opisthokonts, whereas
unambiguous bifunctional Drp/Dyn orthologs were
identified in the Amoebozoa [35,45-47]. The corre-
sponding orthologs in choanoflagellates and apuso-
zoans (represented as Drpl(?) in Table SI1) are
predicted to be specialized mitochondrial fission dyna-
mins. The single uncharacterized Drpl ortholog identi-
fied in oomycetes may indeed be a specialized Drpl,
analogous to that in fungi. Among the bikonts, the
specialized fission Drpl was identified only in the
Angiospermeae, whereas all other lineages possessed
the bifunctional Drp/Dyn ortholog. The Drp ortholog
in the unicellular rhodophyte red algae Cyanidioschy-
zon merolae has been shown to mediate both vesicle
and mitochondrial division [48-50]. A similar bifunc-
tional role can be predicted for the corresponding
orthologs identified here from other rhodophytes.
There is partial, although not conclusive experimental
support for predicting a bifunctional role for the
orthologs in excavates and chromalveolates. For
instance, the sole Drp ortholog in excavate 7ry-
panosoma brucei is reported to mediate both vesicle
scission and mitochondrial fission, whereas in the
mitosome possessing Giardia lamblia, the correspond-
ing ortholog was found to colocalize with clathrin-
coated vesicles [48].

Unambiguous OPAT1 orthologs were identified in the
Obazoa and were absent in the Amoebozoa. In
bikonts, only the multicellular rhodophyte red algae
(C. crispus) contained an ortholog of OPA1 in addi-
tion to Drpl, whereas all other lineages, namely,
Angiospermeae, unicellular rhodophytes, Chromalveo-
lata, and Excavata lacked the OPA1 ortholog. Mito-
fusin orthologs were identified in the unikonts
(opisthokonts) and the bikont (Plantae, including
Angiospermeae and rhodophyte G. sulphuraria) lin-
eages (Table S1). In the opisthokonts, several lineages
contained a single ortholog for Mfn. Interestingly, two
homologs (Mfnl and Mfn2) were identified in the Sar-
copterygii (coelacanth and tetrapods). This suggests
that a gene duplication event of Mfn2 leading to the
emergence of an in-paralog, Mfnl, occurred in an
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ancestor of the Sarcopterygii after its divergence from
the actinopterygian lineage. In summary, it is evident
that the three paralogs that are central to mitochon-
drial fission and fusion apparatus are present across
unikont and bikont lineages and therefore allows for a
hypothesis that the LECA most likely contained a set
of both fission and fusion DSPs.

Homology of mitochondrial fusion and fission
DSPs

Domain addition, deletion, and rearrangements lead-
ing to functionally divergent paralogs of the ancestral
sequence are commonly observed in the molecular evo-
lution of multidomain proteins. Besides this, conserva-
tion of gene structures is also an excellent marker of
the evolutionary relationships that characterize orthol-
ogous and paralogous genes, subsequent to duplication
[51-54]. Hence, a combined analysis of the conserva-
tion patterns of protein domain architectures and gene
structures were performed for all identified DSPs.

Conservation and divergence of domains

Comparative analyses of domain architectures of the
prokaryotic BDLPs and eukaryotic DSP sequences
suggests that a conserved five domain architecture,
namely, a N-terminal heptad repeat coiled-coil domain
(CCO/HRN), the GTPase domain (GTPase), the heli-
cal middle domain (MD), the transmembrane (TM)
domain, and the helical C-terminal GTPase effector
domain (GED) can be considered to constitute the
minimal scaffold of an ancestral eukaryotic DSP pro-
tein (referred to as the signature DSP domain architec-
ture). Furthermore, all DSPs contain a helical region
(NH) connecting the CCO/HRN and the GTPase. The
NH region is of varying lengths across the DSPs
(Fig. 1). The MD and GED are known to fold back
onto each other forming helical bundle regions (HB1/
2), also known as BSE/neck and trunk/stalk, respec-
tively. The neck and stalk regions mediate the open
and closed conformations of the DSPs upon GTP
binding. The two helical bundles are connected by flex-
ible loops that constitute the hinge region. The MD
and GED contain two helical segments each (MD1/2,
GED1/2), connected by loops. The MDI1 and GED?2
helices are part of the HB1/BSE/neck structural motif,
while the MD2 and GEDI are part of the HB2/trunk/
stalk assembly. In the structures of BDLP, Mfnl,
Drpl, and Dynl, the NH region folds back onto the
BSE/neck and appears to be a conserved structural
feature across DSPs. In the BDLP and Mfn, the NH
constitutes two helices, whereas in the Drpl and
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Dynl, the NH region is much shorter with a single
helix. In general, the GTPase and the membrane
attachment regions occur on either tip of the neck and
stalk regions, respectively (Fig. S2).

The classical vesicle scission Dynl orthologs contain
the signature DSP domain architecture lacking the
CCO/HRN domain. Furthermore, a Pleckstrin homol-
ogy domain (PH) substitutes for the TM domain and
a Dynl-specific C-terminal proline-rich domain (PRD)
is added at the C-terminal end. The PH domain in
Dynl serves as a site for membrane attachment (Figs 1
and S5), while the PRD binds effector proteins
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containing SH3 domain, thereby mediating vesicle scis-
sion and endocytosis [55,56].

All fission orthologs (Drp/Dyn and Drpl) contain a
variant of the signature DSP domain architecture lack-
ing the CCO/HRN domain. Additionally, variable
domain (VD) substitutes for the TM which provide a
site for attachment of adaptor proteins to mediate
mitochondrial fission [21,57]. All sequences were also
examined for signal sequence motifs that correspond
to organellar localization patterns. The results
obtained here are consistent with previous literature
supporting the cytosolic localization of the fission

Mfn (fungi/ oomycota)

Drp1 (metzoa/fungi/

rhodophyta)

Protein Domains Function
choanoflagellata) OMM fusion

Chloroplast fusion

apusozoa) fusion
usion
OPA1(metazoa) —.'.-

Mitochondrial fission

angiospermeae)

Drp/Dyn (rhodophyta/ Mitochondrial
chromalveolata/ ‘..—-—.—- fission/bifunctional
excavata/amoebazoa)

B con B ™, TM,, variant B ccomrn [ I Al crrase
- e @ @ @~ @~ -

Fig. 1. Domain architecture of Dynamin superfamily proteins. Representation of the domains shown in the schematic here roughly
represent the full-length alignment of the amino acid sequences of DSPs and are limited to the defined domains. The left column
corresponds to the DSP annotation. Drp1, Mfn, OPA1, Dyn1, and BDLP refer to Dynamin-related protein 1, Optic atrophy1, Mitofusin,
vesicle fission dynamins, and bacterial-dynamin-like proteins. The annotations Mfn/FZL refer to Mfn orthologs identified from Plantae lineage
and Drp/Dyn refers to the bifunctional (vesicle scission and mitochondrial fission) dynamins identified from specific lineages of unikonts and
bikonts. The predicted domain architecture of the ancestral DSP in the LECA was inferred from domain architecture features of DSPs from
extant eukaryotic lineages, prokaryotic BDLPs, and the results from ASR (Ancestral sequence reconstruction) analyses. The index for the
markers used for representing domains is shown at the bottom of the figure. The highly divergent interdomain regions between CCO/HRN,
GTPase, MD, TM/PH/VD/CBD, and GED represented by brown lines are not to scale and do not provide any information regarding the
sequence conservation. The column on the right corresponds to the cellular function. The BDLP domain arrangement represents the
canonical domain architecture of a prokaryotic DSP.
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DSPs and mitochondrial localization of fusion DSPs
(Table S1).

Among the mitofusins, the fungal orthologs contain
the signature DSP domains, whereas orthologs from
other lineages displayed domain level variations. For
example, mitofusins in the seed plants, choanoflagel-
lates, and the Metazoa lack the conserved CCO/HRN
domain suggesting a lineage-specific domain loss. All
mitofusin orthologs possess the TM domain that is
equivalent to the PH/VD domain of the Drpl/Dynl.
Interestingly, the TM is also shared between mito-
fusins and BDLPs. However, unlike in the BDLPs, the
TM domain in opisthokont mitofusins harbors the
mitochondrial targeting signal sequence (MTS) that is
indispensable for mitofusin-mediated OMM fusion
(Table S2) [58,59]. The MTS is absent in seed plant
and rhodophyte orthologs. Nevertheless, the N-term-
inal chloroplast targeting signal sequence (CTS) identi-
fied in these is consistent with their reported functional
role in the regulation of thylakoid networks in the
plant chloroplast [20,60]. Hence, the mitofusin ortho-
log in seed plants and rhodophytes is referred to as
Mfn/FZL. Moreover, Mfn/FZL contains a unique
nonhomologous N-terminal extended region of about
140 residues that most likely form a coiled-coiled like
domain (named here as CCN) with a 60 residue stretch
comprising the two heptad repeats. This is suggestive
of a lineage-specific gain of the domain in the most
recent common ancestor of the Angiospermeae and
Rhodophyta.

The OPAI1 orthologs also contain the signature
domain architecture with a Lys-rich homologous cardi-
olipin-binding domain (CBD) substituting the PH/VD/
TM domain of Dynl/Drpl/Mfn paralogs (Fig. 1). The
CBD in OPAI has been shown to bind to cardiolipin
and mediate inner mitochondrial membrane fusion
[30,61-65] (Fig. 1). In the opisthokonts, the OPAI
ortholog contains an N-terminal insertion of a trans-
membrane domain (TMg) that is known to be respon-
sible for anchoring OPA1 to the IMM. Upon GTP
binding, the region spanning the MTS, and the TMg
that acts as a stop-transfer sequence, is cleaved by
IMM peptidases, resulting in the short isoform,
s-OPA1. The processing and the balanced formation
of the long and short isoforms together are essential
for IMM fusion and maintenance of mitochondrial
morphology, including the structure of IMM [61,66—
69]. Interestingly, in the yeast OPA1 ortholog (Mgml),
the hydrophobicity of TM has been shown to deter-
mine the processing efficiency by the peptidase Pcpl.
Furthermore, changing the hydrophobicity of this seg-
ment altered the ratio of the isoforms leading to mito-
chondrial fragmentation. In stark contrast, the rat
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OPA1 processing by the peptidase m-AAA was not
modulated by increment of TMg hydrophobicity, sug-
gesting that the mechanism of processing of I-OPAI in
mammals is distinct from that of yeast I-Mgm1 [66,70].

We, therefore, examined the hydrophobicity profiles
of the TMo domains in the all metazoan and yeast
orthologs to look for distinguishing features between
the two groups, if any. It is noteworthy that the
estimates of transmembrane (TM) probability for
the TMo domain in metazoan OPAIl orthologs
(PP = 0.0825) (referred to as TMg variant) is signifi-
cantly less than that of fungal Mgml orthologs
(PP =0.1716) (P-value < 0.0205, unpaired ¢-test).
Examination of type II functional divergence estimates
reveals sites in the TMg domain where conserved
charged amino acids in the metazoan sequences are
substituted by hydrophobic amino acids in fungi
(K116Y and K117A in human OPAT1). These substitu-
tions contribute significantly to the distinct hydropho-
bicity profiles of the TMo between the two groups
(File S4, Table S3 and Fig. S5d). We propose that
these residues may play a critical role in the distinct
processing mechanisms of the long isoform in these
lineages. Interestingly, the rhodophyte and apusozoan
orthologs lack the TMg, indicating a likely distinct
mechanism of processing and IMM fusion in these lin-
eages.

Conservation of exon—intron structures and intradomain
splice site positions

Next, the gene structures of all sequences were exam-
ined for conservation of exon—intron structures, splice
site  positions, and phases within the contiguous
sequence regions that encode the domains described
above. The interdomain regions were excluded from
the analysis because of the alignment uncertainties of
these regions. The genes encoding fission DSPs, includ-
ing the bifunctional Drp/Dyn and the specialized Drpl
or Dynl displayed lineage dependent conservation pat-
terns of gene structures. The Dynl gene contains a
highly conserved pattern of intron numbers and posi-
tions across the Metazoa (Fig. 2). It is notable that in
the bikont lineage, in general, most bifunctional ortho-
logs are encoded by single exon genes (SEG), whereas
orthologs that encode specialized dynamins contain
introns. In the unikont lineages, the specialized mito-
chondrial fission Drpl orthologs in Fungi are encoded
by SEGs. The predicted Drpl orthologs in the apuso-
zoan Thecamonas trahens and oomycete Aphanomyces
invadans (represented as Drpl(?) in Fig. 5) are encoded
by intron containing genes although another oomycete,
Phytophthora parasitica, contains a Drpl encoded by a
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SEG. Remarkably, the Drpl in seed plants share sig-
nificant conservation of splice site positions and exon
numbers in the GTPase, the MD, and the GED, with
their corresponding orthologs in the deuterostomes.
The shared splice site positions strongly suggest that
the Drp/Dyn in the common ancestor of the Unikonta
and Bikonta and presumably, the LECA, encoded an
intron containing Drp/Dyn gene. Consequently, the
SEGs, for instance, in the fungi in unikonts or exca-
vates in the bikonts, appear to arise from independent
intron loss events in these lineages.

OPAI1 in the bikont Rhodophyta is encoded by a
SEG. Among the unikonts, the fungal orthologs are
encoded by SEGs, whereas the apusozoan, choanoflag-
ellate, and metazoan orthologs are encoded by intron
containing genes. Furthermore, the intradomain exons
observed in the choanoflagellates and metazoan ortho-
logs share conserved features of exon numbers, intro-
nic phases, and splice site positions (Fig. 2). The
OPA1-specific TMg variant domain identified in the
opisthokonts (Metazoa, Choanoflagellata, and Fungi)
is encoded by a single exon suggesting that the TMg
domain evolved in the OPAl by an exon insertion
event in an ancestor of the opisthokonts and a
subsequent intron loss occurred in the lineage leading
to the fungi.

The fungal mitofusins are encoded by SEGs, similar
to that observed for the OPAl and Drpl paralogs.
The uncharacterized mitofusin ortholog identified from
unicellular rhodophyte G. sulphuraria is encoded by a
gene containing one intron. The CTS is invariably pre-
sent in all seed plants (encoded by a single exon)
orthologs. The absence of the MTS and presence of
the CTS in seed plant Mfn/FZL orthologs proteins
enable their targeting to the chloroplasts [60]. Our
search for other homologs of the mitofusin across rho-
dophytes (three complete genomes) and seed plant gen-
omes (12 complete genomes) failed to pick up any hits.
Hence, the identity of the mitofusin protein in these
lineages remains unknown. A single exon encodes the
N-terminal CTS, CCN, and the G1-box of the GTPase
domain in rhodophyte Mfn/FZL. A single exon codes
for seed plant N-terminal CTS, whereas the CCN
domain is encoded by two additional exons suggesting
that the MTS/CTS and CCN regions evolved by an
exon insertion event in a common ancestor of these
two lineages, followed by independent intron losses in
the rhodophytes. The intron—exon structure of genes
encoding mitofusins was significantly conserved across
choanoflagellates, metazoans, and seed plants in terms
of exon numbers and splice site residues and positions
(Fig. 2). Thus, the well-conserved Mfn gene structure
across orthologs in the Unikonts and the Bikonts
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indicate that the intronic gene structure of Mfn repre-
sents the ancestral state in the unikonts and the
bikonts, with intron losses occurring in the fungal
lineage.

Unlike in the Dynl and Drpl genes, OPAl and
Mfn encoding genes displayed significant conservation
of paralog-specific phases across the Metazoa, Cho-
anoflagellata, and the seed plants suggesting additional
selection pressures on intron properties (Fig. S7). The
DSP domains, in general, are encoded by nonoverlap-
ping sets of exons. The only exceptions include a fused
exon encoding the MTS, CCN, and the G1-box of the
GTPase domain in rhodophyte Mfn/FZL ortholog, a
fused exon encoding the G5 box of the GTPase and
the adjacent MD in seed plant mitofusins, and a fused
exon encoding the C-terminal region of GED and
N-terminal region of PRD in the metazoan Dynl
orthologs (Fig. 2).

Next, we compared the patterns of conservation and
divergence within the intradomain splice site positions
across the vesicular Dynl and the fusion and fission
DSPs. At least three shared splice positions were
clearly identified in the GTPase domain (Gl and G2
box) and GED (Fig. 3). The first conserved splice site
position (Site I) at G1 box (corresponding to residue
GIn34 of HsapDrpl) is shared across Mfn and OPAI
orthologs. However, the corresponding site is not con-
served with the corresponding intron position in Dynl
(+12 downstream) which shared the splice site with
non-mitochondrial dynamins namely Atlastins (ATLs)
and Guanylate-binding proteins (GBPs) (File.S6). A
similarly shared splice site is also present at the exon
encoding the G2 box (Site II) and in the GED
(Fig. 3). The positions of other splice sites shared
across all DSPs including the Dynl are shown in
Fig. S6. Together, the patterns of shared intradomain
splice site positions across the paralogous Mfn, Drpl,
and OPAI sequences strongly suggest that the three
paralogs inherited these sites from an intron contain-
ing common ancestor, before the duplication event.

Phylogeny of fission and fusion DSPs

Next, evolutionary relationships of the four paralo-
gous groups were studied using phylogenetic tree
inference using two independent alignments of the
protein sequences. The first included the full-length
sequences (Fig. 4 and File S5), while the second
included the region encompassing only the GTPase
domain (Fig. S3A). The BDLPs were used as an out-
group. Interestingly, both trees had similar topologies
suggesting that the sequence divergence within
the GTPase domain alone is consistent with the
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Mfn2 (euteleostome)
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Fig. 2. Gene structures of representative orthologs and paralogs. The left column corresponds to the DSP annotation. Drp1, Mfn, OPAT1,
Dyn1, and BDLP refer to Dynamin-related protein 1, Optic atrophy1, Mitofusin, vesicle fission dynamins, and bacterial-dynamin-like proteins.
The annotations Mfn/FZL refer to Mfn orthologs identified from Plantae lineage and Drp/Dyn refers to the bifunctional (vesicle scission and
mitochondrial fission) dynamins identified from specific lineages of unikonts and bikonts. Manually generated schematic representation of
gene structures are shown here. Exons corresponding to each domain are represented with different colors as defined in the index shown
below the figure. The positioning of domains roughly represents the full-length alignment of the regions coding for the domains. The
frequencies of occurrence of colored boxes for a specific domain correspond to the number of exons present in the gene encoding the
domain. The domains corresponding to the membrane attachment region, namely the CBD/PH/TM/VD is represented by dark green colored
boxes. The BDLP domain schematic shown here represents core domain architecture conserved across most paralogous BDLPs. The black
lines represent the intronic regions and the gray boxes correspond to exons in the interdomain regions. The presence of highly divergent
interdomain regions limit the sequence-based alignment to well-defined domains. The intronic regions and exons corresponding to
interdomain regions are not to scale and do not provide information regarding conservation patterns in these. The shared splice sites named
as sites I, II, and Il are marked with vertical black lines corresponding to their positions in well-defined domains.
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I II III
GTPase (Gl Box) GTPase (G2 Box) GED
HsapMfnl 73-RHMKKVAFFGRTSSGKSSVINAMLWDKVL 131-DEKKSVET-VNQLAHALHM-DK T06-EKIQNNSKLLRNKAVQLENE
HsapMfn2 94 -RNMKKVAFFGRTSNGKSNVINAMLWDKVL 151-EEKRSART-VNQLAHALHQ-DK 725-DSLOSKAKLLRNKAGWLDSE
X1Mfnl T5-RNMKKVAFFGRTSSGKSSVINAMLWDKVL 132-EEKKSVET-VNQLAHALHM-DK 738-EQIQSNSKALRNRASRIEGE
X1Mfn2 95-RHMKKVAFF§RTSNGKSNVINAMLWDKVL 152MEEKRSVET—VNQLAHALHQ~DD 705-EQIQSNSK!LRNRASRIEGE
SkMfn 7T4-RDHMKVAFFGRTSSGKSTVINAMLKDKVL 136-NERRNVRS-VSQLAHALSN-EK 610-ERIQNDAKLLRNKAGWLENE
GmFzo 357—DEPFLVIIEGEFNSGKSTVINALLGERYL 408-QQQCERHP———————————— DG 888-EIQEELSNVEKKLRTLQIDI
AthFzo 347-DEPFMVIIEGEFNSGKSTVINALLGKRYL 399-QQRCQTHP———————————— DG 913-GIQKELSDIRSKLQLLQVDI
HsapOpal 286-DHLPRVVVVGDQSSGKSSVLEALVGRDFL 348-FDLTKEED-LAALRHEIEL-RM 930-GKRVQLAEDLEKVREIQEKL
DrOpal 364-DHLPRVVVVGDQSSGKSSVLEALVGRDEL 427-FDLGKEED-LAALRHEIEL-RM 1008-GRRVQLAEDLEKVREIQEKL
Cgopal 305-DNLPEVVVVGDQSSGKTSVLEMIVQARIF 368~FDLTKESQ-LAALRKEVEL~RM 954-GPRVQLAEEL§KVRQIQEKL
HsapDrpl 23-IQLPQIVVVGTQSSGKSSVLEALVGRDFL 96-TKNKLYTD-FDEIRQEIEN-ET- 706-AORRKEAADMLEALQGASQIT
DrDrpl 23-IQLPQIVVVGTQSSGKSSVLEALVGRDFL 95-TKNELYTD-FDETRQETEN-ET- 685-AQRRNEAADMLEALQKASQVI
SmDrpl 23-IQLPQIVVLGTQSSGKSSVLENLVGRDEL 95-NK-RIYRD-FDEVRNEIKS-ET- 689-AQRRREASEMLEALQKASMI I
PtDlpl 40-IELPQVAVVGSQSSGKSSVLEALVGRDFL 105-LPGKRFYD-FSEIRSEIQA-ET- 727-AMKRKQTREQLRVLQOAFRTL
PvDlpl 45-IDLPQVAVVGSQSSGKSSVLEALVGRDEL 108-LPGRKFHD-FSDIRREIQA-ET 720-ALKRKRCRELLRAYQQAFKDL
SbD1pl 52~IDLPQVAVVGSQSSGKSSVLEALVGRDFL 116-LSGRRFYD-FREIRREIQA~ET 72S-EIKRKQIRENLKVLQQAYKTL
HsapDyn 29-DLPQIAVVVGGQSAGKSSVLENFVGRDFL 86-CKSKKFTD-FDEVRQEIEA-ET 711-AQRRDDMLRMYHALKEALNIT
DrDyn 29-DLPQIAVVVGGQSAGKSSVLENFVGRDEFL 86-CKGRKFVD-FDEVRQEIEA-ET 712-RQRRDEMLRMYHAIKEALSII
IsDyn 247DLPQIAVVVGGQSAGKSSVLENFVERDFL 81-CRGKKFMD-FDQIRKEIED-ET 715-AQKRDEMLRMYHACKEALRIT

Fig. 3. Conserved splice site positions at intradomain exons across mitochondrial fusion and fission DSPs. The figure shows alignment of
residues corresponding to the shared intradomain splice site positions in the GTPase domain (G1 and G2 boxes) and GED, within and
across DSPs. A 20 residue sliding window (highlighted in gray) was used to assess splice site conservation across the DSPs. The reference
residue is highlighted in red font. All splice sites are underlined and marked in bold within each domain. Splice site occurring up to +10
positions from the reference residue splice site were considered conserved. The prefixes of the sequence names in the left column, Hsap,
Xl, Sk, Dg, Is, Cg, Sm, Gm, Ath, Pt, Pv, Sb correspond to the organisms, namely, Homo sapiens, Xenopus leavis, Drosophila melanogaster,
Ixodes scapularis, Crassostrea gigas, Schistosoma mansoni, Saccoglossus kowalevskii, Glycine max, Arabidopsis thaliana, Populus
trichocarpa, Phaseolus vulgaris, and Sorghum bicolor, respectively. The numbers preceding the sequence in each column correspond to the
position of the initial amino acid of the region of the sequence presented. The shared splice site across sequences in the GTPase domain,
and GED are marked with Roman numerals |, Il and IIl.

paralogous relationships between the DSPs and, that
the evolution of GTPase domain occurred in parallel
with the evolution and diversification of the other
regions of the sequences. The tree topology generated
from sequence features alone was also congruent with
that generated using a structurally informed sequence
alignment (Fig. S3B). Overall, the observed pattern of
clustering in the phylogenetic tree is consistent with
the conservation patterns inferred from gene pres-
ence/absence, domain architecture, and intradomain
gene structure analyses.

It is evident that the most recent gene duplication
event among the three paralogous gene families exam-
ined here occurred in an ancestor of the Sarcopterygii
leading to the emergence of the in-paralogs, Mfnl and

Mfn2. This is consistent with the well-supported clusters
corresponding to euteleostome Mfn2 and sarcoptery-
gian Mfnl in the phylogenetic tree. Functionally diver-
gent sites [61 sites (PP > 0.6) displayed type 1
divergence (0-1 = 0.474400 £+ 0.069687, P-value >0.05);
26 sites (PP>1) displayed type II divergence (0-
IT = 0.059572 + 0.037470, P-value >0.05)] were identi-
fied in all domains across the in-paralog sequences from
tetrapods. GTPase domain-mediated dimerization is a
shared feature across various GTPases including DSPs,
Septins, TRAFECs, Ras-like, and GTPase of immu-
nity-associated proteins (GIMAPs). However, the
involvement of G1, G2 boxes, and intervening regions
between the G-boxes in the dimerization interface (G-
interface) is a specific feature of DSPs alone. Also,
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Fig. 4. Phylogenetic relationships of mitochondrial fusion and fission DSPs. The reconciled Bayesian and ML unrooted tree generated from
371 full-length protein sequence alignment of Mfn, Drp1, OPA1, Dyn1, and BDLP sequences. Accession numbers are given in Table S1.
The Mfn/FZL from G. sulphuraria, OPA1, and Drp/Dyn sequences from apusozoa and oomycete were excluded from the phylogenetic
analyses. The branches corresponding to posterior probability <0.8 and bootstrap support <80 are collapsed. The black circles represent the
posterior probability and bootstrap values of 1 and 100, respectively, representing common nodes inferred in both Bayesian and ML trees.
The image was created using the iTOL web server. The clusters corresponding to each DSP is marked with shaded regions of colors
specific for each lineage. The metazoan and fungal DSPs are marked with purple and peach colors, while the seed plant and rhodophyte
DSPs are shaded with dark green and red. The choanoflagellate, protostomes, and invertebrate Mfn cluster is marked in light blue, whereas
the cluster corresponding to bifunctional Drp/Dyn in basal eukaryotes, namely, the amoebozoans, alveolates, and excavates are marked with
pink. The prokaryotic BDLPs represent the outgroup and the cluster corresponding to those is shaded in brown. The distinct clusters of
Euteleostome Mfn2 and Sarcopterygii Mfn1 are marked with orange and purple, respectively. The domain architecture corresponding to
each lineage is mentioned below the name of the cluster. The index for alphabetical codes used for defining domains in this figure is shown
at the bottom right corner of the figure. The scale bar represents 1 substitution per site.

GTPase domain triggered adhesion and cohesion pat-
terns of associated HB1/2 to mediate membrane remod-
eling are a feature specific to DSPs [71]. Interestingly,
our study has identified shared features regarding the
G-interface between GIMAPs and Mfnl. Both GTPases
share a polar contact between the two molecules on the
G-interface (Fig. S4). Interestingly, specific differences
in the residues constituting the G-interface or in
close proximity to it were identified in Mfnl/2

proteins suggesting possible differences in dimerization
rates between the two in-paralogs (Fig. S4, File S4,
Table S4, Text S1). Together, these results suggest
that these proteins have indeed undergone
neofunctionalization.

The tree displays distinct robustly supported clades
that correspond to Mfnl/2, OPAI1, Drpl, Dynl, and
BDLPs. Among these, the BDLP, Drpl, and the
Dynl clusters are monophyletic. Additionally, distinct
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clusters corresponding to the bifunctional fission DSPs
in Amoebozoa, chromalveolates, and excavates were
monophyletic. The clustering of sequences identified
from basal eukaryotes (including Mfn/FZL ortholog
from G. sulphuraria, OPA1 ortholog from C. crispus,
and Drp/Dyn orthologs from amoebozoans, oomy-
cetes, rhodophytes, chromalveolates, and excavates) is
consistent with their sequence-feature-based identifica-
tion and hence confirms the assigned annotations
(Fig. S3, File S3 and File S5).

BDLPs and mitofusins share at least four out of five
domains of the signature architecture suggesting close
structural and functional similarities [72]. In particular,
the TM is shared only between the mitofusins and
BDLPs. Furthermore, the Mfn and the BDLP clades
cluster into a well-supported monophyletic clade
(bootstrap value>90) in the phylogeny. To examine if
this relationship is also reflected at the level of the
three dimensional structures, crystal structures of
BDLP with Mfnl, Drpl, and Dynl were compared. A
broad comparative analysis of the structure—function
relationships between these proteins and in particular
of the GTPase domain has been reported previously
[32-34]. In our study, the analysis is limited to the
MD-GED helical segments of the neck/HBI since this
structural motif is present in the structures of all four
paralogs (for instance, the Mfnl structure is that of a
truncation variant lacking the HB2 motif). The overall
helical arrangement is significantly conserved (root-
mean-square deviation, RMSDs of 0.6473.110\). Fur-
thermore, the hydrophobic core is also well conserved
as expected (Fig. S8). However, divergence between
these helical regions is present at the level of amino
acid residues constituting DSP specific sequence signa-
tures (Fig. S5). Interestingly, BDLP and Mfnl shared
multiple conserved features unique to the two par-
alogs. These include overall length of the helices, an
extended conserved hydrophobic core and the presence
of salt bridge interactions that stabilize the helical
interface (Fig. S§). The overall HB1 motif has
remained largely structurally conserved across DSPs in
spite of significant sequence divergence in these
regions. We propose that the DSP specific sequence
features may affect the nature of packing at the inter-
faces and modulate the assembly, cohesion and flexi-
bility of these helical regions in their functional
contexts.

Discussion

Here we report the molecular evolution of eukaryotic
mitochondrial fusion and fission DSPs that relies on
combining information from gene presence/absence,

S. Sinha and N. Manoj

domain conservation patterns, protein sequence phy-
logeny, and intradomain gene structure features. Given
the long time scales in the evolution of these proteins
the interdomain regions are highly divergent. There-
fore, the power of protein sequence based phylogenetic
analysis to infer consistent relationships between the
homologs is limited to analyses of regions that encode
functional domains. The absence of domain shuffling
events in the diverse dataset of DSPs examined here
indicates that the signature domain architecture of the
DSPs evolved under strong negative selection pressure.
We show that diversification after duplication in these
paralogs have occurred in following ways: (a) addition
and deletion of new domains at the terminal regions
(for instance, addition of PRD, TMg, and CCN in the
metazoan Dynl, Opisthokonta OPAIl, and Plantae
Mfn/FZL, respectively) (b) sequence level changes
translating to functional divergence within the mem-
brane attachment region (TM/VD/PH/CBD variants
in Mfn/Drpl/Dynl/OPA1), and (c) divergent splice
site positions and phases within and across paralogs.
Furthermore, all three paralogs in the LECA are
encoded by intron containing genes and parallel intron
loss events appear to have occurred later in specific
eukaryotic lineages (Fungi, Rhodophyta, Chromalveo-
lata, and Excavata). Intron loss in specific lineages is
in line with the ‘intron-early’ hypothesis and is consis-
tent with similar low intron density, particularly in
housekeeping and cell survival proteins in fungi and
parasitic eukaryotic lineages [73-77].

Since mitochondria cannot be formed de novo the
presence of either the specialized Drpl or the bifunc-
tional Drp/Dyn is indispensable in eukaryotes to allow
the symmetric distribution of mitochondria to daugh-
ter cells during cell division. We show that the bifunc-
tional Drp/Dyn diversified independently into
specialized vesicle scission and mitochondrial/chloro-
plast fission dynamins in Metazoa and seed plants,
whereas it retained its bifunctional role in other lin-
eages that include the Amoebozoa in the unikonts
and, in chromalveolates, excavates and rhodophytes in
the bikonts. These inferences are congruent with that
reported by Purkanti and Thattai [35]. It is noteworthy
that the Glaucophytes lack the DRPs responsible for
fission and probably recruit the FtsZp and FtsZm pro-
teins for division of their mitochondria and specialized
chloroplast (cyanoplast) (Fig. 5) [35,78]. However, the
identity of the paralog mediating mitochondrial fusion
in this lineage cannot be established using the available
data. The presence of both fusion paralogs (OPA1 and
Mfnl), in specific lineages across unikonts and
bikonts, albeit, with independent gene losses in amoe-
bozoans, excavates and chromalveolates suggest that
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these paralogs emerged concomitantly as a result of a
gene duplication in the LECA. The loss of the fusion
apparatus in excavates and chromalveolates is consis-
tent with the fact that these lineages contain only a
single mitochondria per cell, precluding the need for
proteins that mediate mitochondrial fusion [9]. The
absence of the fusion apparatus in the Amoebozoa
cannot be explained using the data presented here and
necessitates further studies.

The bikonts examined here contain both chloro-
plasts and mitochondria. The identity of the mitochon-
dria-specific mitofusin protein in seed plants remains
unknown since the Mfn/FZL ortholog has been
shown to target to the chloroplast and not to the

Evolution of mitochondrial fission—fusion proteins

mitochondria [60]. We hypothesize that the insertion
event of the Plantae-specific CTS and CCN domains
in the Mfn/FZL enabled its neofunctionalization by
determining the localization and evolution of its func-
tional role in regulating the morphology of the plant
chloroplast thylakoid networks.

The rhodophytes are one of the earliest eukaryotic
algae, representing a unique class with unicellular and
multicellular members. The rhodophytes present an
interesting pattern of loss—gain events of the two
fusion paralogs. The sole fusion paralog Mfn/FZL
identified in the unicellular rhodophyte G. sulphuraria
most likely plays a functional role in the formation of
thylakoid networks, similar to that observed in seed
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Fig. 5. Proposed evolutionary history of the mitochondrial fission and fusion dynamin-like proteins. The LECA with primordial mitochondria
possessed a full complement of fission and fusion DSPs that were retained or lost subsequently in a lineage-specific manner. The
endosymbiotic events leading to mitochondrial and chloroplast acquisition by eukaryotes is marked. The identity of the DSP and its domain
architecture for each lineage is shown in the right column. Gene losses are indicated by — symbol along with the gene name. The domain
addition events specific to each node is shown by + symbol. The X symbol represents loss of all canonical DRP paralogs in Glaucophytes.
FtsZm and FtsZp represent the functionally equivalent proteins in Glaucophytes. The branch shown as a single line correspond to lineages
containing intron coding genes, while the double dotted line represents lineages with single exon genes (SEG). Mfn/FZL orthologs localize
to the chloroplast. The bifunctional fission DSP (mediating mitochondrial and vesicle scission) is represented by Drp/Dyn, while the
specialized mitochondrial and vesicular DSPs are represented as Drp1 and Dyn1, respectively. Uncharacterized/putative fission DSP is
shown as Drp1(?).
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plants. Since G. sulphuraria contains multiple mito-
chondria per cell and displays tubulated mitochondrial
networks, the absence of a Mfn ortholog that can
specifically mediate mitochondrial fusion is intriguing
[79]. Interestingly, the organellar localization signal
presequence (36 residues) at the N-terminal of the
Mfn/FZL ortholog here was predicted as CTS by
ChloroP (ChloroP score = 0.559, cTP = Y), whereas it
was identified as MTS by TargetP (TargetP mTP
score = 0.696, cTP score = 0.129). The ‘ambiguous’
peptide appears to be a dual-targeting signal that can
direct the protein to both mitochondria and chloro-
plast. Presence of dual targeted proteins is well recog-
nized in plants, including in early diverging lineages
such as bryophytes (reviewed in [80]). It follows that
the G. sulphuraria Mfn/FZL may indeed be targeted to
both chloroplast and mitochondria to carry out appro-
priate fusion roles in either organelle. However, the
location of this presequence is similar to that in OPA1
implying its targeting to the IMS and not to the
OMM as required for mitofusin. One possibility is that
this ortholog may be targeted specifically to the
chloroplast, and that the identity of the true mitofusin
in the rhodophyte is unknown, akin to that in seed
plants. It is also known that prediction of dual local-
ization is inaccurate due to the limited availability of
verified datasets and therefore, the MTS prediction
here may be a false positive. Alternatively, albeit in a
less likely scenario, the rhodophyte Mfn/FZL ortholog
may mediate OMM fusion using a completely different
mechanism. Considering that the green plant CTS
sequences are clearly predicted by both programs (Tar-
getP mTP score = 0.235, cTP score = 0.871, ChloroP
score = 0.577, cTP =Y for A. thaliana Mfn/FZL), we
conclude that chloroplast specificity of Mfn/FZL
emerged independently in seed plants.

The absence of Mfn/FZL in the multicellular rhodo-
phyte C. crispus can be attributed to the presence of
the rhodoplast that contains a single lamellae with
unstacked thylakoid, unlike the stacked thylakoids pre-
sent in seed plants and unicellular rhodophyte G. sul-
phuraria [81]. In contrast, OPA1 is present in the
multicellular C. crispus, whereas it is absent in the uni-
cellular G. sulphuraria and C. merolae. Thus, the gain—
loss events of fusion OPA1/Mfn paralogs in the
rhodophytes appear to be strongly correlated with the
occurrence of single/multiple mitochondrion per cell
and the presence of unstacked/stacked thylakoids, in
the multicellular and unicellular rhodophyte, respec-
tively [79,82,83].

This work carried out to explore the origin and evo-
lution of the eukaryotic mitochondrial fission—fusion
apparatus also indicates that the BDLP is remarkably
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similar to the mitofusin. It is recognized that the signa-
ture DSP domain architecture among the BDLPs is
modified by deletions, fusion, and insertion of
prokaryote-specific domains resulting in varied non-
canonical forms that appear to have evolved to carry
out divergent functional roles in membrane remodel-
ing. Moreover, multiple paralogs distributed at distinct
genomic locations or present as a tandem-pair/fused
pair is not uncommon in bacteria [72,84,85]. Neverthe-
less, the divergence of BDLPs appears to have
occurred independent of the diversification of eukary-
otic DSPs. Since the function and molecular evolution
of BDLPs in general is poorly understood, an indepen-
dent evolutionary analysis of BDLPs together with the
eukaryotic homologs may provide insights into the ori-
gin of the dynamin superfamily.

In summary, the data suggest that gene duplication
of an ancestral DSP leading to the paralogs that medi-
ate mitochondrial fusion and fission emerged concomi-
tantly in the LECA. Perhaps, this machinery to
mediate and regulate mitochondrial shape and interor-
ganellar interactions enabled adaptation to subsequent
physiological transitions. The patterns of divergence in
gene gain—loss events, domain level architecture, cod-
ing regions, and gene structures appear to be function-
selective and parallels the evolution of mitochondrial
shape, ultrastructure, and metabolism across eukary-
otic lineages. An alternate less parsimonious scenario
assumes that the fusion and fission proteins in the lin-
eages considered here emerged out of multiple inde-
pendent duplication events in different eukaryotic
lineages. Under this scenario, the fission DSP (Drpl or
Drp/Dyn) appeared in the LECA. The fusion DSP
Mfn appeared independently in the bikont Angiosper-
meae and in the Urmetazoa in the unikonts, while the
fusion DSP OPA1 emerged independently in the Oba-
zoa and multicellular rhodophytes. We expect that the
results presented here will pave the way for further
functional characterization of the mitochondrial
fission—fusion apparatus in eukaryotes.
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