que on March 18, 2021

at HU

Check for
updates

Insights into the evolution of regulated actin dynamics
via characterization of primitive gelsolin/cofilin
proteins from Asgard archaea

Caner AkiII>®®, Linh T. Tran“®, Magali Orhant-Prioux®®, Yohendran Baskaran®®, Edward Manser®*®,

Laurent Blanchoin®¢®, and Robert C. Robinson®<F!

b

2Institute of Molecular and Cell Biology, Agency for Science, Technology and Research, 138673 Singapore, Singapore; ®Department of Pharmacology, Yong
Loo Lin School of Medicine, National University of Singapore, 117597 Singapore, Singapore; “Research Institute for Interdisciplinary Science, Okayama
University, 700-8530 Okayama, Japan; CytomorphoLab, Interdisciplinary Research Institute of Grenoble, Laboratoire de Physiologie Cellulaire & Végétale,
Université Grenoble-Alpes/Commissariat a I'énergie atomique et aux énergies alternatives/CNRS/Institut national de recherche pour I'agriculture,
I'alimentation et I'environnement, 38054 Grenoble, France; *CytomorpholLab, Hopital Saint Louis, Institut Universitaire d’Hématologie, Unité mixte de
recherche S1160, INSERM/Assistance publique — Hopitaux de Paris/Université Paris Diderot, 75010 Paris, France; and fSchool of Biomolecular Science and
Engineering, Vidyasirimedhi Institute of Science and Technology, 21210 Rayong, Thailand

Edited by Thomas D. Pollard, Yale University, New Haven, CT, and approved July 7, 2020 (received for review May 15, 2020)

Asgard archaea genomes contain potential eukaryotic-like genes
that provide intriguing insight for the evolution of eukaryotes.
The eukaryotic actin polymerization/depolymerization cycle is crit-
ical for providing force and structure in many processes, including
membrane remodeling. In general, Asgard genomes encode two
classes of actin-regulating proteins from sequence analysis, profi-
lins and gelsolins. Asgard profilins were demonstrated to regulate
actin filament nucleation. Here, we identify actin filament sever-
ing, capping, annealing and bundling, and monomer sequestration
activities by gelsolin proteins from Thorarchaeota (Thor), which
complete a eukaryotic-like actin depolymerization cycle, and indi-
cate complex actin cytoskeleton regulation in Asgard organisms.
Thor gelsolins have homologs in other Asgard archaea and com-
prise one or two copies of the prototypical gelsolin domain. This
appears to be a record of an initial preeukaryotic gene duplication
event, since eukaryotic gelsolins are generally comprise three to
six domains. X-ray structures of these proteins in complex with
mammalian actin revealed similar interactions to the first domain
of human gelsolin or cofilin with actin. Asgard two-domain, but
not one-domain, gelsolins contain calcium-binding sites, which is
manifested in calcium-controlled activities. Expression of two-
domain gelsolins in mammalian cells enhanced actin filament dis-
assembly on ionomycin-triggered calcium release. This functional
demonstration, at the cellular level, provides evidence for a
calcium-controlled Asgard actin cytoskeleton, indicating that the
calcium-regulated actin cytoskeleton predates eukaryotes. In eu-
karyotes, dynamic bundled actin filaments are responsible for
shaping filopodia and microvilli. By correlation, we hypothe-
size that the formation of the protrusions observed from
Lokiarchaeota cell bodies may involve the gelsolin-regulated
actin structures.
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Asgard archaea are some of the most fascinating organisms
on the planet since they possess eukaryotic-like genes (1, 2),
which encode for functional proteins (3), providing evidence for
the origins of the eukaryotic cell. In particular, Asgard genomes
encode potential homologs for a regulated actin cytoskeleton (1,
2), which is critical for membrane remodeling in eukaryotes (4).
It is not known whether this potential dynamic actin cytoskeleton
is related to the membrane blebs, protrusions or vesicles ob-
served in the first Asgard archaea to be isolated (5). All phyla of
Asgard archaea possess actin and actin-related proteins (ARPs)
(1, 2, 6-8). The actins have yet to be demonstrated to form fil-
aments, and the functions of the ARPs are presently unknown.
Asgard and eukaryotic profilins support barbed-end actin fila-
ment elongation and inhibit spontaneous actin nucleation (3). In
addition, Asgard genomes also encode potential homologs for
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gelsolin domains, while some species of Heimdallarchaeota may
contain a distant homolog of ARP2/3 subunit 4 (1, 2, 6-8). The
presence of these genes raises the question to what extent these
archaea are able to regulate their actin dynamics by this limited
number of proteins, beyond the control afforded by profilin (3).

In eukaryotes, many actin-regulating activities, such as
monomer sequestration and filament nucleation, elongation,
annealing, bundling, capping and severing (9, 10), are elicited by
the calcium-regulated multidomain gelsolin family of proteins
(Fig. 14) (11, 12). These are predicted to have arisen from serial
gene multiplication events (12, 13). Sequence comparison of the
domains indicates that two serial single domain gene multipli-
cation events were followed by a third whole gene duplication to
produce the 3 and 6 domain proteins, respectively (Fig. 14) (12,
13). The last common ancestor of eukaryotes likely possessed a
protein comprised of three gelsolin domains, and possibly a
second protein of six gelsolin domains, since 3 and 6 domain
gelsolins are predicted across a broad spectrum of eukaryotes
from sequence databases. In addition, eukaryotes contain single
domain ADF/cofilins and double cofilin domain twinfilins, some
of which bind to the sides of filaments, sever actin filaments,
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Fig. 1. Thor gelsolins and actin regulation. (A) Schematic representation of the three Thor gelsolin architectures and the hypothetical evolution of the

gelsolin family. Ovals depict gelsolin domains. Ticks indicate potential calcium-binding residues and red triangles denote a central WH2-like motif. Since Type
Il calcium-binding sites (48) (red ticks) are found in both domains of 2DGel, a calcium-binding single-domain protein likely existed in evolution that is not
found in the current sequence databases. This is indicated by the “proposed calcium-binding intermediates.” The Type | site (48) (gray ticks) may have been
present in this proposed calcium-binding intermediate, and later lost from domain two after the first gene duplication. Alternatively, the Type | site may have
appeared in domain one after the first gene duplication. The architectures of typical eukaryotic gelsolin-like proteins are included for comparison. (B-E)
Pyrene-actin polymerization profiles of 2 uM actin (blue) supplemented with (B) 1DGelX (1 mM EGTA), at 10 nM (red), 0.1 uM (green), or 2 uM (fawn) or 16 pM
(dark brown), (C) supplemented with 5 nM (red), 0.05 pM (green), 2 uM (fawn) human gelsolin (0.3 mM CaCly), or supplemented with (D) 2DGel (1 mM EGTA)
or (E) 2DGel (1.0 mM CacCl,) at the concentrations in B. (F-) Actin depolymerization profiles of 2 pM actin (blue), supplemented by (F) 1DGelX (1 mM EGTA), at
2 uM (red), 8 uM (lilac), or 32 uM (black), (G) human gelsolin in 0.3 mM CaCl,, concentrations as in C, (H) 2DGel (0.3 mM EGTA) or (/) 2DGel (1 mM CaCl,) at the
concentrations in F. Two other 2DGel orthologs, 2DGel2 and 2DGel3, showed additional filament nucleation activity and more potent severing activity. All
three 2DGel proteins were less active at 0.3 mM than at 1 mM Ca®*, and inactive in 1 mM EGTA in terms of severing activity (S/ Appendix, Fig. S2 E-P). (J)
Pyrene-actin polymerization profiles of 2 uM actin (blue) supplemented with 2 uM (fawn), 8 uM (lilac), 32 uM (dark green), or 128 pM (light green) ProGel in
0.3 mM Ca?*. (K) Pyrene-actin depolymerization profiles of 2 uM actin (blue) supplemented with 10 nM (red), 0.1 uM (green), 2 uM (beige), or 16 pM (dark
brown) ProGel in 0.3 mM CaCl,. (L) SDS/PAGE analysis of actin filaments (8 pM) in the presence or absence of ProGel (256 pM). At 150,000 x g (high) filaments
were pelleted in both conditions, whereas at 10,000 x g (low) actin was pelleted as bundles only in the presence of ProGel.

sequester actin monomers, and share a core domain topology
with the gelsolin domain (14-18).

Here, we analyzed protein sequences from Asgard archaea
genomes to search for proteins that contain gelsolin domains.
We identified three gelsolin-like architectures from Thor-
archaeota (Thor) sequence databases (Fig. 1A4): sequences
comprising only of the prototypical gelsolin/cofilin domain
(ProGel); sequences comprising a single gelsolin/cofilin domain
followed by an unknown domain X (1DGelX); and sequences
comprising two-domain gelsolins (2DGel). Similar architectures
are found in, and are unique to, other Asgard archaea, including
Lokiarchaeota (SI Appendix, Fig. S1 A-D). We investigated these
mini gelsolins to determine whether they provide a record of the
initial gene duplication in this superfamily of proteins (Fig. 14).
Asgard gelsolins are uncharacterized at the protein level. To
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further investigate the actin regulation in Asgard archaea, we
tested the properties of Thor gelsolins. We carried out in vitro
biochemical experiments to demonstrate that Thor single-
domain and double-domain gelsolins are functional with
eukaryotic actin in order to establish that these proteins are
genuine functionally-related homologs of eukaryotic gelsolin and
cofilin. Variety in Thor gelsolin activities indicates a wide-
ranging array of functions. Together these data provide insight
in to the regulation of the early pre-eukaryotic actin cytoskele-
ton.

Results

Biochemical Analysis of Thor Gelsolins. We expressed and purified
five recombinant Thor gelsolins from E. coli (SI Appendix,
Fig. S1E). ProGel, 1DGelX and 2DGel derive from the same
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species/assembly (SMTZ1-83), while 2DGel2 and 2DGel3 orig-
inate from different species/assemblies AB_25 and SMTZ1-45,
respectively (SI Appendix, Fig. S1F). 2DGel, 2DGel2 and
2DGel3 share 76-89% identity (SI Appendix, Fig. S1G). These
proteins displayed a range of binding affinities in interacting with
rabbit muscle actin (rActin) as assessed by surface plasmon
resonance studies: 1DGelX (K4 = 7.7 + 0.3 pM), 2DGel2 (K4 =
54 + 7 pM), 2DGel (Kg4 = 113 + 16 uM), 2DGel3 (Kq = 135 +
21 uM), with ProGel (K4 = 337 + 70 pM) showing little or
negligible binding (SI Appendix, Fig. S1H). In pyrene-actin as-
says, 1DGelX and 2DGel showed robust activities. In the actin
assembly assay, low concentrations of 1DGelX (0.1 pM) reduced
the lag phase of actin polymerization (2 pM) consistent with
filament nucleation, while 1:1 ratios inhibited polymerization
(Fig. 1B), similar to calcium-activated human gelsolin (hGelso-
lin) (Fig. 1C). The 1DGelX activity was similar in the presence of
ethylene glycol-bis(2-aminoethylether)-N,N,N’-tetraacetic acid)
(EGTA) or Ca** (SI Appendix, Fig. S24), indicating an absence
of calcium control. By contrast, 2DGel showed no activity in the
assembly assay in the presence of EGTA (Fig. 1D). However, in
the presence of Ca>* (1 mM), a low concentration of 2DGel
(0.1 pM) significantly slowed actin polymerization indicating
filament capping (Fig. 1E), and at a 1:1 ratio, no increase in
pyrene fluorescence was observed, indicative of actin monomer
sequestration. The sequestering and capping effects of 2DGel
were reduced at intermediate Ca’* levels (0.3 mM, See SI
Appendix, Fig. S2B).

In a pyrene-actin depolymerization assay, 1DGelX produced a
rapid drop in fluorescence, indicative of robust severing
(Fig. 1F), similar to calcium-activated gelsolin (Fig. 1G).
1DGelX’s severing activity was comparable in EGTA to Ca>™* (SI
Appendix, Fig. S2C), revealing that this activity is also Ca** in-
dependent. 2DGel in 0.3 mM Ca®* showed partial loss in fluo-
rescence implying incomplete depolymerization (Fig. 1H). At
higher calcium levels (1 mM) the effects were more dramatic.
2DGel induced F-actin depolymerization with a fast, initial loss
followed by a slower decline, consistent with filament severing
followed by monomer sequestration (Fig. 17). These effects were
lost in EGTA (SI Appendix, Fig. S2D), implying that the calcium
signaling range in Thorarchaeota is likely to be higher than the
micromolar range in some eukaryotes. ProGel had weak inhibi-
tory effects on actin assembly and no effect on filament disas-
sembly (Fig. 1J and K and SI Appendix, Fig. S3). These pyrene
assay data reveal that 1DGelX and 2DGel display diverse
gelsolin-like activities, including monomer sequestration and
filament nucleation, capping and severing, with 2DGel showing
calcium regulation, as did the two 2DGel orthologs 2DGel2 and
2DGel3 (SI Appendix, Fig. S2 E-P).

To further provide evidence of calcium-independent severing
by 1DGelX we measured its effect on actin filament viscosity
(Fig. 2). 1IDGelX (4 pM and 8 pM) showed a titratable reduction
in F-actin (4 pM) viscosity, consistent with severing, which was
not dependent on calcium, reaching levels close to G-actin or to
F-actin treated with calcium-activated hGelsolin (both 4 uM). By
contrast, ProGel (4 pM) or DNase I (4 pM), an actin monomer
sequestering protein, were unable to substantially change the
viscosity of F-actin (4 pM) during the time course of the exper-
iment (~4 min).

Subsequently, we asked whether the Thor gelsolins could be
pelleted with F-actin under slow and fast centrifugation speeds,
suitable for sedimentation of actin filament bundles and actin
filaments (including bundles), respectively. ProGel, at the high
concentration (256 pM) that showed little effect in the pyrene
assays, was able to cause F-actin (8 pM) to be pelleted at low
speed, indicating that ProGel induced filament bundling (Fig. 1L
and SI Appendix, Fig. S44). Substantial amounts of ProGel were
observed in the pellets, despite careful washing. This suggests
that ProGel binds to the sides actin filaments causing bundling.

19906 | www.pnas.org/cgi/doi/10.1073/pnas.2009167117

Fig. 2. F-actin severing by 1DGelX. Viscometry experiments demonstrate
that 4 uM ProGel or DNase | (actin-sequestering protein control) do not
significantly change the viscosity of F-actin (~70 s) in the timeframe of the
experiment, whereas, 4- and 8 uM 1DGelX lowers the F-actin viscosity levels
close to G-actin (~5 s) or to gelsolin (F-actin severing protein control). x axis
indicates solution conditions.

At low concentration (1 pM) of 1DGelX, 2DGel, 2DGel2, or
2DGel3 the filaments (8 pM) largely remained intact, pelleting
only at the highest speed, as assessed by electrophoresis, imply-
ing that the filaments remained single (SI Appendix, Fig. S4B).
The 2DGel proteins were only observed in the soluble fraction,
indicating that these proteins do not associate with the sides of
actin filaments. The number of filament ends was likely insuffi-
cient to determine filament end binding in this experiment.
1DGelX migrated at a similar position to actin. Hence, its fila-
ment association properties were difficult to determine, however,
some 1DGelX was observed in the soluble fractions of the high-
speed spins.

Next, we applied total internal reflection fluorescence (TIRF)
microscopy to observe fluorescently-labeled actin filaments. As-
sembly of actin (1.5 pM) under high concentrations of ProGel
(96 pM) confirmed an initial minor reduction in polymerization
(0—4 min), but showed striking filament bundling and annealing
at later time points under the assay’s molecular crowding con-
ditions (0.25% methylcellulose, Fig. 34 and see SI Appendix, Fig.
S5A4 and Movie S1). Bundling of actin filaments by ProGel was
apparent in the sedimentation assay (Fig. 1L), but not in the
pyrene actin assembly assay (Fig. 1J), which has been shown to
be insensitive to bundling by villin (19). In the TIRF assembly
assay, increasing concentrations of 1DGelX (100 nM to 4 uM)
produced a decreased number of filaments and some bundling at
the highest concentration (4 pM, and see SI Appendix, Fig. S5SB
and Movie S2). 2DGel (32 pM) in EGTA bundled filaments
(Fig. 34 and Movie S3). Addition of Ca®* to 2DGel reduced the
number of actin filaments compared to the control, and by
consequence, reduced the formation of bundles (Fig. 34 and
Movie S3). The reduction in actin filament number is consistent
with the decrease in pyrene fluorescence observed in the pyrene
actin assembly assay (Fig. 1E). Filament bundling was not ap-
parent in the sedimentation studies for either 1DGelX or 2DGel
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Fig. 3. The regulation of actin assembly and disassembly by Thor gelsolins
followed by TIRF microscopy. Time course of the (A) assembly and (B) dis-
assembly of 1.5 uM actin in the presence of various concentrations of Thor
gelsolins. (Scale bar, 20 um.) Titrations of ProGel and 1DGelX in the assembly
assay can be found in S/ Appendix, Fig. S5, and comparison of 2DGel, 2DGel2,
and 2DGel3 in the disassembly assay are found in S/ Appendix, Fig. S6.
Movies of the assembly/disassembly of Thor gelsolins are found in Movies
S1-S5. ProGel and 1DGelX assays were carried out in 1 mM EGTA. The 2DGel
assembly assays were in 0.3 mM CaCl, or 1 mM EGTA, and the disassembly
assay in 0.3 mM CaCl,.

(SI Appendix, Fig. S4B), which suggests that bundling is aided by
the molecular crowding conditions in the TIRF assay.

Adding 1DGelX or the 2DGel orthologs to preformed actin
filaments resulted in severing by different modes. 1DGelX (4
pM) disassembled F-actin in a complex pattern (Fig. 3B and
Movie S4). 1DGelX initially severed filaments into short frag-
ments, which associated into short bundles, and the bundles were
further severed to complete dissociation of actin structures. In
0.3 mM Ca**, 2DGel (32 uM) bundled, 2DGel2 (32 uM) severed
single actin filaments with no bundling, and 2DGel3 (32 pM)
initially severed single filaments, followed by the bundling and
annealing of the fragments into larger structures (Fig. 3B, SI
Appendix, Fig. S6, and Movie S5). These TIRF data reveal a
complex regulation of the assembly and disassembly of actin
filaments and bundles.

Structures of the Thor Gelsolin/rActin Complexes. To compare the
Asgard and eukaryotic gelsolin interactions with actin, we de-
termined the X-ray structures of two types of Thor gelsolin/
rActin complex, ProGel and 2DGel. Despite its weak interaction
with G-actin (SI Appendix, Fig. S1H), ProGel bound to actin at a
site that overlaps with gelsolin domain 1 (G1) (20), and with the
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cofilin family (21) (Fig. 4 A and D-H). Significantly, the protein
is translated by one turn of the main helix relative to G1 and the
calcium-binding sites are absent. The crystal structure of 2DGel
bound to actin (Fig. 4B) revealed that domain 1 (D1) and the
central WH2-like motif (LRRV) are similar to hGelsolin
(Fig. 4C and SI Appendix, Fig. STA), however, D2 is positioned
differently (22). D1 of 2DGel packs tightly to the cleft between
actin subdomains 1 and 3, similar to hGelsolin G1, which is a
capping orientation for hGelsolin (23). ProGel more loosely
associates with the same region of actin, in a similar orientation
to the cofilin family, which for human cofilin allows interaction
with the sides of actin filaments (24). The residues on rActin that
interact with ProGel, 2DGel (D1), cofilin, and hGelsolin (G1)
are largely conserved across Asgard actins (SI Appendix, Fig.
S84). Some substitutions in the 2DGel, 2DGel2, and 2DGel3
residues that contact actin may account for their functional dif-
ferences (SI Appendix, Fig. STB and S8B). ProGel and 2DGel
contain the gelsolin DWG motif that is replaced by a WP motif
in the cofilin family (S1 Appendix, Fig. S9 A and B), implying that
ProGel is related to both gelsolin and cofilin (Fig. 5). Next, we
soaked the 2DGel crystals with 1 mM TbCl; and examined the
resultant anomalous electron density to confirm the cation-
binding sites (SI Appendix, Fig. S9C) (25). Four Ca** bind to
2DGel, three sites in common with hGelsolin (Fig. 54 and SI
Appendix, Fig. S8B). We speculate that gene duplication to
produce 2DGel resulted in tighter calcium control and extra
functionality, due to multiplication of the calcium and actin-
binding sites (Fig. 14). Moreover, attempts to crystallize
1DGelX failed. The 1DGelX gelsolin domain shares 35%
identity with ProGel and is likely to similarly bind to actin
(Fig. 44 and SI Appendix, Fig. S8 C and D). Domain X is pre-
dicted to form a coiled-coil structure with no homology to known
actin-binding proteins (SI Appendix, Fig. S7C).

Localization and Calcium Control in a Cellular Context. Next, we
tested the localization of GFP-tagged Thor gelsolins in trans-
fected human U20S cells. The cells were treated with
rhodamine-phalloidin, which stains actin filaments, to determine
whether these proteins associate with eukaryotic cellular struc-
tures. GFP-positive cells showed typical cell morphologies and
actin cytoskeleton arrangements for all constructs (Fig. 6). GFP-
ProGel was present in the cytoplasm and nucleus (Fig. 6 4 and
B) similar to GFP alone (Fig. 6F). In the cytoplasm, GFP-ProGel
was diffuse but also localized to filament structures, consistent
with actin—filament binding (Fig. 6 A and B). GFP-2DGel and its
ortholog GFP-2DGel2 were present in the nucleus and cyto-
plasm (Fig. 6 C and D), with both proteins appearing to be
enriched in actin—filament structures.

By contrast, 1DGelX was present throughout the cytoplasm
but excluded from the nucleus, concentrating at the regions
typical of the nuclear membrane and endoplasmic reticulum
(Fig. 6E). The 1DGelX association with filaments was weak in
comparison to ProGel, GFP-2DGel, and GFP-2DGel2. Finally,
we tested whether GFP-2DGel and GFP-2DGel2 could respond
to calcium signaling in a cellular context. Treatment of the cells
with ionomycin (10 pM, 10 min), to release calcium from intra-
cellular stores, led to a contraction of all cells. In the GFP-
2DGel and GFP-2DGel2 expressing cells, but not GFP-
expressing cells, a dramatic loss in rhodamine-phalloidin signal
was observed (Fig. 7). This indicates that calcium signaling to
2DGel and 2DGel2 resulted in the loss of F-actin structures,
demonstrating that these proteins are functional in the
eukaryotic cellular environment.

Discussion

The combination of structural biology and biochemistry has a
long history of illuminating evolutionary relationships for the
regulated actin cytoskeleton, and has been particularly insightful
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Fig. 4. The structures of ProGel and 2DGel in complex with rActin. (A) The ProGel/rActin complex. rActin is shown as a surface and ProGel is in schematic
representation. (B) The structure of the 2DGel/rActin complex. The four calcium ions associated with 2DGel are shown as black spheres. The crystal structure of
2DGel3/rActin complex is found in S/ Appendix, Fig. S7A. (C) The structure of the first three domains of human gelsolin in complex with rActin for comparison
(PDB ID code 1EQY). (D-G) Side views of (D) ProGel, (E) twinfilin domain 2 (D2), a cofilin-family member (PDB ID code 3DAW), (F) 2DGel domain 1 (D1), and (G)
gelsolin domain G1, in complex with actin. Actin is shown as a trace. Similar representations for 2DGel3 is found in S/ Appendix, Fig. S7B. The arrow indicates
the displacement of ProGel relative to G1. Data collection and refinement statistics are found in S/ Appendix, Table S1. (H) Structure-based sequence
alignment of the core region of the gelsolin/cofilin domain of ProGel, 2DGel, Sec23a (which has not been shown to bind actin), hGelsolin, and cofilin. rActin
interacting residues are indicated by stars. Asgard proteins above the alignment ProGel, red; 2DGel, green) and human proteins below (gelsolin, blue; cofilin,

orange). The consensus secondary structure is shown in black.

in situations where relationships are not readily apparent from
sequence analyses (18, 26). Protein sequence alignment-based
phylogenetic analyses detect signatures of three-dimensional
(3D) structural and functional conservation in proteins. We
have directly determined these structural and functional signa-
tures from ProGel and 2DGel, and we have compared them to
the eukaryotic proteins, gelsolin and cofilin. The Asgard and
eukaryotic proteins adopt similar core structures; and despite ~2
billion y of divergence these proteins interact with eukaryotic
actin in similar orientations, at a common binding site on
eukaryotic actin. The most parsimonious explanation of these
data is that the Thor gelsolins and eukaryotic gelsolins and
cofilins are derived from a common ancestor gene. Here, we
speculate on the implications for the evolution of the gelsolin
and cofilin families of proteins that can be inferred from this
analysis of single- and double-domain Thor gelsolins. The core
structure of ProGel is similar to eukaryotic cofilin and more
similar to eukaryotic gelsolin, yet the ProGel actin-binding mode
is most similar to cofilin (Figs. 4 D-H and 5B and SI Appendir,
Fig. S44). This indicates that present-day eukaryotic cofilins and
gelsolins likely evolved from a protein that had similar

19908 | www.pnas.org/cgi/doi/10.1073/pnas.2009167117

architecture and F-actin-binding capability to ProGel. The
binding sites on actin are consistent with the Thor gelsolins
competing with actin—actin interactions to elicit their effects (S
Appendix, Fig. S10). The acquisition of sequences outside of the
core gelsolin/cofilin domain appears to be a critical factor in
extending the range of functions. Eukaryotic cofilin has addi-
tional helices whereas eukaryotic gelsolins have duplications of
the core domain (Figs. 14 and 5B), and both of these proteins
bind F-actin. Comparison of the activities of ProGel with
1DGelX and 2DGel indicates how expansion of the core gelsolin
domain leads to altered activities. We hypothesize that the
C-terminal extension of 1DGelX contains an actin side-binding
domain or motif. The F-actin binding functionality would locate
1DGelX to the side of a filament allowing the gelsolin domain to
evolve to compete for actin:actin contacts to gain severing
functionality. Thus, we propose that ProGel represents a record
of an initial gelsolin/cofilin protein that originally emerged as a
relatively simple actin regulator, which through gaining
C-terminal domains, or expansion of the core, added additional
functionalities. Duplication of the ProGel scaffold would have
resulted in 2DGel, after it acquired calcium binding, which was
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Fig. 5. Structural homology to gelsolin and cofilin. (A) The three conserved calcium-binding sites in 2DGel and 2DGel3 are shared with the first two domains
of human gelsolin. (B) Structural comparisons and superimpositions of ProGel with human gelsolin G1 (PDB ID code 3FFN) and cofilin (PDB ID code 4KEE).
Calcium ions are shown as lime or black spheres. Asterisks indicate additional helices in the cofilin fold relative to ProGel.

present in the last common ancestor of Asgard archaca. We
propose that the Asgard ancestor of eukaryotes would have
possessed ProGel and 2DGel, which evolved into ADF/cofilin
and three domain gelsolins, respectively, proteins which were
present in the last common ancestor of eukaryotes. The variety
of Asgard gelsolin-like sequences is consistent with this
structure-function-based proposal of gelsolin/cofilin family evo-
lution; however, the signatures of 3D structural and functional
conservation in the gelsolin/cofilin core domain appear to be too
weak to be reliably detected by phylogenetic analysis (SI Ap-
pendix, Fig. S11).

Localization of the Thor proteins to different eukaryotic cel-
lular locations reveals the functional compatibility of the Asgard
and eukaryotic actin regulation systems. ProGel showed clear
actin filament localization (Fig. 6 4 and B), while Asgard 2DGels
were able to dismantle eukaryotic cellular F-actin in a calcium-
dependent manner (Fig. 7). The sensitivity of the Thor 2DGels
to calcium indicates that Asgard organisms are capable of cal-
cium signaling, and that calcium signaling predates eukaryo-
genesis. Taken together, these data demonstrate that Asgard
mini gelsolins possess equivalent actin-regulating properties
(monomer sequestration, filament nucleation, bundling, and
severing) to their larger eukaryotic counterparts (Fig. 14) and to
proteins that possess different architectures, such as capping
protein and fascin. We speculate that the emergence of distinct
actin regulators in eukaryotes allowed for greater and more di-
verse control of actin dynamics, enabling its incorporation into
an expanded number of cell processes (27). However, many of
the fundamental actin architectures were achievable in pre-
eukaryotic organisms. We now have an emerging picture of a
relatively complex regulated Asgard eukaryotic-like polymeriza-
tion/depolymerization cycle that is executed by a limited number
of proteins, yet has many of the characteristics of the actin dy-
namics in eukaryotes, where a large part of the functional output
involves eliciting membrane perturbations, similar to those ob-
served in Lokiarchaeota (5).
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The presence of functional gelsolin-like proteins in Asgard
archaea has several possible scenarios with regard to the emer-
gence of the domains of life, which has been debated in relation
to different phylogenetic analyses of Asgard genomes (1-3,
28-31). In the three-domain hypothesis, eukaryotes and archaea
form separate clades. In this case, there are at least two possible
explanations for the existence of Asgard gelsolins that are ca-
pable of interacting with eukaryotic actin. Firstly, gelsolins,
profilins and actins may have been present in the last common
ancestor of archaea, but later lost from most branches of ar-
chaea, with the exception of Asgard archaea. Such widespread
loss of these genes in Archaea would seem unlikely given the
prevalence of these proteins throughout eukaryotes, indicating
their advantage for survival. Secondly, the genes may have been
passed by horizontal gene transfer to stem Asgard archaea from
a stem eukaryote(s) or vice versa. We specify stem organisms,
since all Asgard phyla contain ProGel and 1DGelX, and since
these genes are not found in present day eukaryotes, they would
likely not be present in last common ancestor of eukaryotes.
Given the abundance of eukaryotic-like protein sequences in
Asgard archaea genomes, this would require a sizable transfer, or
transfers, of genetic material. Alternatively, in the two-domain
hypothesis, eukaryotes emerge from within the archaea domain.
In this scenario, which is the most parsimonious explanation for
the presence of the actin regulation system in Asgard archaea
(3), the gelsolin, profilin, and actin proteins arose in a common
ancestor of eukaryotes and Asgard archaea, within archaea.
Further metagenomic sequencing of diverse Asgard archaea,
followed by careful phylogenetic analysis, is required to enhance
the useful phylogenetic signal in the Asgard ribosomal se-
quences, and categorically settle the debate on the relative po-
sitions of Asgard archaea and eukaryotes within the tree of life.
Regardless of the ultimate phylogeny, the primitive gelsolins
analyzed here represent a record of a nascent actin cytoskel-
eton regulation machinery that was likely a prerequisite for
eukaryogenesis.
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Fig. 6. Localization of GFP-Thor proteins in mammalian cells. Ectopically expressed Asgard gelsolins in human U20S cells followed by fluorescence imaging.
(A and B) Two examples of merged images of GFP-ProGel (green) and rhodamine-phalloidin staining of actin filament structures (red), followed by en-
largements of the box regions with separated GFP and phalloidin channels. Similar representative images of (C) GFP-2DGel, (D) GFP-2DGel2, (E) GFP-1DGelX,

and (F) GFP control.

Materials and Methods

Protein Expression and Purification. The Asgard gelsolin gene sequences were
synthesized and codon optimized for Escherichia coli (GenScript) and placed
in the pSY5 vector (3, 23). Proteins were expressed as described previously
(3). Asgard gelsolin containing BL21 DE3 Rosetta cell pellets (10 g) were
resuspended in binding buffer 50 mL (20 mM Hepes, pH 7.5, 500 mM Nacl,
20 mM imidazole, 1 mM tris(2-carboxyethyl)phosphine [TCEP], and 1 mM
EGTA), supplemented with benzonase (2 uL of 10,000 U/uL, Merck), Protease
Inhibitor mixture (Set Ill, EDTA-Free, Calbiochem), and Triton X-100 (0.01%).
Cell lysis, Ni-nitrilotriacetic acid (NTA) affinity, and size-exclusion chroma-
tography (16/60 Superdex 75 PG, GE Healthcare) in gel filtration buffer
(20 mM Hepes, pH 7.5, 150 mM NacCl, 1 mM TCEP, and 1 mM EGTA) were
performed as described previously (3). Asgard gelsolin fractions were pooled
and concentrated (10,000 MWCO Vivaspin concentrator, Vivascience).
Recombinant human gelsolin was purified as described previously (23).
Freshly prepared rActin was purified including a final gel filtration step and
was labeled with pyrene as described previously (3). For TIRF studies, actin
was labeled on lysines by incubating actin filaments with Alexa-488 succi-
nimidy! ester (Molecular Probes) (32). Human profilin was expressed in BL21

19910 | www.pnas.org/cgi/doi/10.1073/pnas.2009167117

DE3 Rosetta cells and purified as reported (33). Attempts to express Thor
actin and constructs comprising individual 1DGelX gelsolin and X
domains failed.

Pyrene-Actin Assays. Pyrene-actin assembly and disassembly assays were
performed with 2-pM rabbit skeletal-muscle G-actin (10% pyrene labeled).
Gelsolin polymerization and depolymerization assays were performed in the
presence of Ca®* or EGTA. In the pyrene-actin assembly assays, G-actin in
buffer A (2 mM Tris.HCl, pH 7.4, 0.2 mM adenosine triphosphate [ATP],
0.5 mM dithiothreitol [DTT], 0.3 or 1 mM CaCl,, 1 mM Na azide) was mixed
and incubated with a 20-fold dilution of 20x Mg-exchange buffer (1 mM
MqgCl,, 4 mM EGTA) for 2 min in order to preexchange the calcium ion for
magnesium. Subsequently, actin polymerization was initiated by the addi-
tion 10 pL of 10x actin polymerization KMI buffer (500 mM KCl, 10 mM
MgCl,, 100 mM imidazole-HCl, pH 7.5) supplemented by the appropriate
concentrations of EGTA or CaCl, in a total volume of 100 pL.

Pyrene-actin disassembly assays were carried out in presence of calcium
(0.3 mM or 1 mM Ca?*) or EGTA (1 mM or 2 mM). For pyrene-actin disas-
sembly assays, 2 pM G-actin (10% pyrene labeled) was mixed with buffer A.

Akil et al.


https://www.pnas.org/cgi/doi/10.1073/pnas.2009167117

que on March 18, 2021

at HO

Rhodamine

A Rhodamine
alludin -ve

GFP +ve GFP -ve palloidin +ve

with no

ionomycin ‘
treatment

GFP :

with
ionomycin ¥
treatment .

GFP-2DGel
with no ‘
ionomycin .
treatment

GFP-2DGel

with ‘
ionomycin !

treatment

GFP-2DGel2
with no
ionomycin
treatment

GFP-2DGel2
with ‘
ionomycin
treatment

Merge

2.0+
1.5- .
[ ]
L J [ ]
I N e
1] [ ]
% i —!_ o °
S ® ° ® H
L ] L ] P
0.5+
L)
3 Ll 1 Ll T 1 T
0 10 0 10 0 10
GFP GFP-2DGel GFP-2DGel2
Time/min

Fig. 7. Calcium signaling to ectopically expressed 2DGel proteins in human U20S cells followed by fluorescence imaging. (A) Cells expressing GFP, GFP-2DGel,
or GFP-2DGel2 are indicated by signal the GFP channel, columns 1 and 2, and highlighted with asterisks. Actin filaments and larger structures are observed in
the rhodamine-phalloidin channel, columns 3 and 4. “+ve” refers to normal and “—ve" to the reversed image. Merged images of the GFP channel (green) and
the rhodamine-phalloidin channel (red) are in the final column. Different cells were imaged immediately before, or 10 min after, treatment with ionomycin to
release calcium. (B) Quantification of rhodamine-phalloidin fluorescence before and 10 min after treatment with ionomycin. Twelve-bit monochrome images
of actin fluorescence intensity, of typical cells, were quantified as a ratio for GFP and adjacent non-GFP expressing cells, in three separate experiments.

Actin polymerization was initiated by the addition of 10 pL of 10x KMI or
KMEI (KMI with 1 mM EGTA) buffer. The polymerization was monitored
around 2 h at room temperature in 96-well, black, flat-bottomed plates
(Corning, Nunc) in total volume of 90 pL. Then, 10 pL of different concen-
trations of gelsolin proteins in buffer A were added to the preformed F-actin
in the appropriate concentrations of CaCl, or EGTA. The fluorescence in-
tensities were monitored at wavelength 407 nm after excitation at 365 nm
with a Safire? fluorimeter (Tecan). Seeding-pyrene assays were performed as
described (3).

Viscometry Experiments. Relative viscosity was assessed using an uncalibrated
Semi-Micro Viscometer (Cannon-Manning, size 50) which functions under
gravity. The go-through time of UltraPure water, buffer A, G-actin, and
F-actin were measured at room temperature for a total sample volume of
1,000 pL. Actin was either polymerized (4 pM) actin by adding 10x KMEI or
KMI for 90 min. Subsequently, the test protein (50 pL) was added to the
preformed filament solution and incubated for 2 min. Then, the time for the
solution to travel through the viscometer was measured, which is relative to
the viscosity of the solution. All experiments were performed three times
independently.

Sedimentation Studies. Thor proteins were tested for their ability to bind
F-actin in the presence of calcium (1 mM) or EGTA (1 mM). All proteins were
first centrifuged at 150,000 x g for 1 h to remove potential aggregates. Actin
(8 pM) in buffer A was polymerized in the presence of the Thor proteins with
addition of 10x KMEI or KMI for 90 min at room temperature. The samples
were centrifuged using a TLA120.1 rotor in a Beckman Optima Max ultra-
centrifuge for 30 min at 10,000 x g (low speed for bundling assays) and 150,
000 x g (high speed for filament binding assays). Equal volumes of pellet and
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supernatant were analyzed by sodium dodecyl sulphate-polyacrylamide gel
electrophoresis.

Surface Plasmon Resonance. Surface plasmon resonance experiments were
performed with Biacore T100 (GE Healthcare) at 25 °C. Asgard gelsolins and
actin were desalted into modified buffer A (2 mM Tris.HCl, pH 7.4, 0.2 mM
ATP, 0.5 mM DTT, 1 mM CaCl,, 1 mM Na azide, 100 mM NacCl, and 0.01%
Tween 20). All buffers were degassed prior to the experiment. Actin was
immobilized to CM5 chips via amine coupling with 10 pL/min flow rate for
1,800 s as described in the Biacore manual. The immobilized levels were
between 400 and 500 resonance units (RU). Asgard gelsolin proteins were
captured to actin-immobilized CMS5 flow cell with the flow rate of 30 pL/min
to a level of ~35 RU for 1DGelX, ~20 RU for ProGel, ~8 RU for 2DGel and
2DGel2, and ~5 RU for 2DGel3. One flow cell was used with buffer as a
reference surface. Gelsolin proteins in modified buffer A were injected for
60 s; the dissociation was monitored for 300 s. Final responses from target
proteins were obtained upon the subtraction of responses from buffer ref-
erence. Kinetic analysis of the final responses were analyzed by global fitting
using a 1:1 binding model. All experiments were repeated at least three
times with similar results.

TIRF Assays. Coverslips (20 x 20 mm?) and microscope slides (Agar Scientific)
were extensively cleaned, oxidized with oxygen plasma (5 min at 80 W,
Harrick Plasma), and incubated with 1 mg/mL of silane-PEG, MW 5K (Crea-
tive PEG Works) overnight. Actin assembly was initiated in polymerization
chambers of 20 x 20 mm? x 4.5-um height or in a polydimethylsiloxane
(PDMS) chamber with a reaction volume of 30 pL, by addition of the actin
polymerization mix (2.6 mM ATP, 10 mM DTT, 1 mM EGTA, 50 mM KCl, 5 mM
MgCl,, 10 mM Hepes, pH 7.5, 3 mg/mL glucose, 20 pg/mL catalase, 100 pg/mL
glucose oxidase, 0.2% wt/vol bovine serum albumin [BSA], and 0.25% wt/vol
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methylcellulose) containing actin monomers (1.5 pM, 20% Alexa488-la-
beled). The polymerization chambers were constructed using a double-sided
tape (70 um height) between a glass coverslip and slide coated with silane-
PEG. The PDMS chambers were prepared using the published protocol (34).
To observe the effect on actin polymerization, Thor gelsolins were added at
the desired concentration directly in the polymerization mix. To show effect
on F-Actin, the PDMS chamber was used to reconstitute actin network
during 5-10 min, then the gelsolin protein was added carefully and mixed.
The controls were carried out using gelsolin storage buffer (20 mM Hepes,
pH 7.5, 150 mM NacCl, 1 mM TCEP, and 1 mM EGTA) without gelsolin.

Crystallization. Crystals of Asgard gelsolin/actin complexes of ProGel/rActin,
2DGel/rActin and 2DGel3/rActin were grown from 1:1 molar ratios (400 uM
Asgard gelsolin: 400 pM rabbit actin) of the proteins were under the fol-
lowing conditions: ProGel/rActin, 0.1 M 2-(N-morpholino)ethanesulfonic acid
(MES), pH 6.0, 0.2 M magnesium chloride hexahydrate, 20% wt/vol poly-
ethylene glycol 6000, at 291 K; 2DGel/rActin, 0.1 M Bis-Tris, pH 5.5, 0.2 M
magnesium chloride hexahydrate, 25% wt/vol polyethylene glycol 3350, at
291 K; and 2DGel3/rActin, 0.1 M N-cyclohexyl-2-aminoethanesulfonic acid,
pH 9.5, 20% wt/vol polyethylene glycol 8000, at 291 K; CaCl, was added to a
final concentration of 1 mM prior to crystallization for 2DGel/rActin and
2DGel3/rActin. Latrunculin B (4 mM) was added to the ProGel/rActin com-
plex prior to concentration and crystallization. All crystallization trials were
performed at ~10 mg/mL protein concentration using the sitting-drop or
hanging-drop vapor-diffusion methods. Crystals were flash frozen in the
crystallization buffer, which was supplemented by 25% glycerol for the
2DGel/rActin complex, prior to X-ray data collection. Crystallization screens
for the Asgard gelsolins alone, or for the 1DGelX/rActin and 2DGel2/rActin
complexes were negative.

Structure Determination, Model Building, and Refinement. Native X-ray dif-
fraction datasets from single crystals of 2DGel/rActin and 2DGel3/rActin on a
RAYONIX MX-300 HS charge-coupled device (CCD) detector on beamline TPS
05A (NSRRCQ) controlled by BLU-ICE (version 5.1) at A = 1.0 A. Data were
indexed, scaled, and merged in HKL2000 (version 715) (35) (S/ Appendix,
Table S1). A native-data X-ray diffraction dataset from a crystal of the Pro-
Gel/rActin complex was collected on beamline MX2 (Australian Synchrotron)
on an Eiger16M detector at A = 1.0 A. Data were indexed, scaled, and
merged in XDS (Version November 2016) (36) and ccp4-7.0 CCP4-7.0 AIMLESS
(version 0.5.29) (SI Appendix, Table S1). Terbium anomalous diffraction data
for 2DGel/rActin were collected and merged in the range 20.0-1.7 A
(Rmerge 0.056, Rpim 0.056, anomalous completeness 99.4%, redundancy
5.5) using the same protocols as for the native data set.

Molecular replacement using the ProGel/rActin and 2DGel/rActin datasets
using the native actin (Protein Data Bank [PDB] ID code 3HBT) (37) as the search
model was carried out in the PHENIX suite (Version 1.13-2998) (38) Phaser. The
model for 2DGel/rActin was extended in AutoBuild (38), whereas the gelsolin
chains for ProGel/rActin were built by hand. All manual adjustments to the
models and refinement were carried out in Coot (Version 0.8.9 EL) (39). Final
refinement for ProGel/rActin was carried out in CCP4-7.0 Refmac5 (40). The
final model for 2DGel/rActin was used as the molecular replacement search
model for 2DGel3/rActin. All final models were verified for good stereo-
chemistry in PHENIX suite (Version 1.13-2998) (38) MolProbity (41) (SI Ap-
pendix, Table S1). The final ProGel/rActin models (two in the asymmetric unit)
consist of ProGel residues 1-88 missing the final four residues (chain B and D)
and rActin 5-42 and 51-374 (chain A) and rActin 5-41 and 51-374 (chain Q).
The actins are each associated with ATP, latrunculin B, and a magnesium ion.
The final 2DGel/rActin model consists of 2DGel residues 2-197 (missing the
final residue), associated with five calcium ions, and rActin 5-41 and 49-372.
The final 2DGel3/rActin model consists of 2DGel3 residues 2-198, associated
with five calcium ions, and rActin 6-39 and 51-372. The model of the structure
of domain X from 1DGelX was generated by I-TASSER (42).
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Sequence Analyses. Protein domain homolog identification was carried in
BLAST (43) using reported Asgard sequences (1, 2). Domain architectures of
proteins were created in Prosite MyDomains (44). Structure-based sequence
alignments were carried out in PROMALS3D (45). Phylogenetic analysis was
carried out on the cofilin/gelsolin G1 core domain (Fig. 4H). Sequences were
aligned in MUSCLE (46) and potential phylogenetic relationships calculated
in Phylogeny.fr (47) using the WAG model with 100 bootstrap replicates.

Cell Culture and Transfection. Protein constructs were synthesized with an
N-terminus GFP in pcDNA3.1(+)-N-eGFP (GenScript). Actin staining was per-
formed with rhodamine-phalloidin (TRITC) (ThermoFisher R415) at 1:200/500
dilution and nuclei stained with H33342 (ThermoFisher 62249) at 1 pg/mL
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Statistics and Reproducibility. All biochemical experiments were repeated
three times with similar results.

Data Availability. The atomic coordinates and structure factors have been
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