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The Australian tree malletwood (Rhodamnia argentea) is unique. The gen-
ome of malletwood is the only known plant genome that contains a gene
coding for an o-actinin-like protein. Several organisms predating the
animal-plant bifurcation express an o-actinin or o-actinin-like protein.
Therefore, it appears that plants in general, but not malletwood, have lost
the a-actinin or o-actinin-like gene during evolution. In order to character-
ize its structure and function, we synthesized the gene and expressed the
recombinant R. argentea protein. The results clearly show that this protein
has all properties of genuine o-actinin. The N-terminal actin-binding
domain (ABD), with two calponin homology motifs, is very similar to the
ABD of any a-actinin. The C-terminal calmodulin-like domain, as well as
the intervening rod domain, are also similar to the corresponding regions
in other a-actinins. The R. argentea a-actinin-like protein dimerises in solu-
tion and thereby can cross-link actin filaments. Based on these results, we
believe the R. argentea protein represents a genuine o-actinin, making
R. argentea unique in the plant world.

Rhodamnia argentea (malletwood) is a rain forest tree
of eastern Australia. Like several other Rhodamnia
species, R. argentea 1is endemic to Australia [1].
Recently, the R. argentea genome was completed, and
highly unexpectedly, a gene coding for an a-actinin-
like protein was found. Hitherto, a gene coding for an
a-actinin or an o-actinin-like protein has not been
identified in any plant genome. Moreover, plants also
apparently lack genes for the other members of the
spectrin superfamily (such as spectrin and dystrophin)
although cross-reactivity of erythrocyte spectrin anti-
bodies seems to imply the opposite [2-7].

Alpha-actinin is intimately related to contractile
movement as it connects, directly or indirectly, the
actin cytoskeleton to the Z disc in the muscle sarcom-
ere and with membrane-bound structures such as focal
adhesion contacts. As oa-actinin forms antiparallel
dimers, with an actin-binding site (ABS) at each end
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of the dimer, it can also cross-link actin filaments into
bundles or networks that are important for the cellular
infrastructure [8-14].

Mammals and fishes have four genes coding for
distinct o-actinins [15]. Two transcripts (ACTN2 and
ACTN3) give rise to calcium-insensitive o-actinins
and the other two (ACTNI1 and ACTN4) code for
calcium-sensitive o-actinins [9,16,17,18]. Alternative
splicing gives rise to additional transcripts, particu-
larly of the calcium-sensitive isoforms [19]. Birds have
three o-actinin genes, lacking ACTN3, whereas inver-
tebrates and most fungi possess a single gene. The
genome of Saccharomyces cerevisiae (Baker’s yeast) as
well as a few other fungi lack an a-actinin gene. In
Drosophila and probably most other invertebrates,
alternative splicing of the single a-actinin gene gener-
ates three isoforms with different tissue localization
[20].

ABD, actin-binding domain; ABS, actin-binding site; buffer TK, 50 mm Tris, pH 8.0, 200 mm KCI; CaMD, calmodulin-like domain; Cb,
carbenicillin; CH, calponin homology; FL, full length; TEV, tobacco etch virus.

2198

FEBS Open Bio 11 (2021) 2198-2210 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies

This is an open access article under the terms of the Creative Commons Attribution License, which permits use,

distribution and reproduction in any medium, provided the original work is properly cited.


https://orcid.org/0000-0003-0807-0348
https://orcid.org/0000-0003-0807-0348
https://orcid.org/0000-0003-0807-0348
https://orcid.org/0000-0003-3044-1256
https://orcid.org/0000-0003-3044-1256
https://orcid.org/0000-0003-3044-1256
mailto:
http://crossmark.crossref.org/dialog/?doi=10.1002%2F2211-5463.13222&domain=pdf&date_stamp=2021-06-25

K. Persson and L. Backman

Independent of isoform, all analysed a-actinins share
the same domain structure, like the other members of
the spectrin superfamily [8,11,18,21,22]. The domain
structure contains an N-terminal actin-binding domain
(ABD) composed of two calponin homology (CHI
and CH2) domains and a C-terminal calmodulin-like
domain (CaMD) containing two lobes, each comprised
of a pair of EF-hands (EF1-2 and EF 3-4). A rod
domain connects the N-terminal ABD with the C-
terminal CaMD. Depending on the source of a-
actinin, the rod comprises four, two or a single spec-
trin repeat [15,23]. In the antiparallel a-actinin dimer,
the C-terminal CaMD of one monomer is placed close
to the ABD of the other monomer. It has been sug-
gested that calcium binding causes a conformational
change in the CaMD, that affects the ABD affinity for
actin binding [24-26].

Analysis of the R. argentea o-actinin-like gene
sequence implies a protein with the common a-actinin
domain structure; a N-terminal ABD, followed by four
spectrin repeats and a C-terminal CaMD. The amino
acid sequence is more than 60% identical to the
human isoforms and close to 70% identical to o-
actinin of Drosophila. To characterize this plausible o-
actinin from the plant world, we have -cloned,
expressed, and isolated the full-length protein as well
as the ABD and CaMD, in order to determine struc-
ture and functional properties.

Materials and methods

Cloning, expression and purification

The sequence of R. argentea o-actinin-like protein was
obtained from NCBI, accession number XM_030655977,
and used as template for gene synthesis. To facilitate sub-
cloning, BamHI and Xhol restriction sites were added to
the 5'- and 3'-ends, respectively, of all synthesized genes.
The full-length gene as well as shorter fragments were syn-
thesized and inserted in plasmid pEX-al28 by Eurofins
Genomics Germany GmbH (Ebersberg, Germany).

The resulting plasmids were used to transform competent
Escherichia coli DHSa cells. Transformed cells were cul-
tured for 15 h at 37 °C in LB medium containing 100 um
carbenicillin (LB/Cb). Plasmids were isolated using QIA-
prep Spin Miniprep Kit (Qiagen GmbH, Hilden, Ger-
many).

Gene fragments were excised by BamHI and Xhol, gel
purified, and ligated into pET-TEV (containing an N-
terminal 10xHis-tag and a TEV protease cleavage site) by
the Protein Expertise Platform (Umea University, Umea,
Sweden). The resulting plasmids, pTEV-Rargentea-ACTN,
pTEV-Rargentea-ABD, and pTEV-Rargentea-EF, were
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Fig. 1. Domain organization of Rhodamnia argentea o-actinin-like
protein. (A) The full-length (FL) protein contains an N-terminal ABD
and a C-terminal CaMD connected by a rod domain composed of
four spectrin repeats (SR). (B) SDS/PAGE analysis of expressed
and purified recombinant polypeptides.

then used to transform (by heat shock) competent E. coli
BL21 (DE3). Due to the BamHI restriction site at the 5'-
end, two residues (Gly-Ser) were added to all expressed
proteins.

The database Superfamily [27] and alignment with other
a-actinins were used to predict the structural domains of
R. argentea a-actinin-like protein. The full-length R. argen-
tea o-actinin-like protein (ACTN) contains 914 residues.
The ABD spans residues 1-275, and the calmodulin-like C-
terminal domain (CaMD) spans residues 770-914, as shown
in Fig. 1. Similar domain assignments were returned when
Smart [28] and Pfam [29] were interrogated with the amino
acid sequence, as Table 1 shows.

For expression, transformed cells were cultured at 37 °C
in LB/Cb medium until an optical density of 0.6-0.8 at
600 nm was reached. By addition of isopropyl thio-B-p-
galactoside to a final concentration of 0.5 mm protein
expression was induced. After overnight culture at 16 °C,
cells were harvested by centrifugation (29 000 g for
25 min), resuspended in 25 mm sodium phosphate buffer,
pH 7.6, and 150 mm NaCl (NaPB-NaCl). Resuspended
cells were stored at —20 °C until purification.

To purify expressed protein, frozen cells were thawed
and polyethylenimine was added to a final concentration of
0.05% before sonication on ice. Directly after sonication,
1/10th volume of 10% Triton X-100 was added and the
lysed cells were incubated on ice for ca 30 min. Cell debris
was removed by centrifugation (58 000 g for 20 min), and
imidazole was added to the clarified supernatant to give
10 mm final concentration. The protein solution was then
loaded on a HiTrap™ Chelating FF column (GE Health-
care Bioscience AB, Uppsala, Sweden) charged with nickel.
Unbound proteins were eluted with NaPB-NaCl containing
100 mm imidazole, followed by an imidazole gradient rang-
ing from 100 to 500 mm imidazole in NaPB-NaCl to elute
bound protein. Imidazole was removed by gel filtration on
a HiPrep 26/10 desalting column (GE Healthcare Bio-
science AB). When required, tobacco etch virus (TEV) pro-
tease (kindly provided by D. S. Waugh) was used to
remove the His-tag. Affinity chromatography on a nickel-
charged column was used to remove the released 10xHis-
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Table 1. Domain assignments of Rhodamnia argentea o-actinin-like protein by Superfamily, Smart and Pfam. The amino acid sequence of
R. argentea a-actinin was submitted to Superfamily [27], Smart [28] and Pfam [29].

Superfamily Smart Pfam

Region E-value Region E-value Region E-value
Calponin homology domain 40-272 9.76e-86 58-158 2.09e-22 56-161 3.7e-23

- 171-270 2.07e-24 169-276 1.3e-25
Spectrin repeat 1 292-414 4.03e-28 302-408 1.75 299-409 2.9e-11
Spectrin repeat 2 415-524 3.44e-24 422-523 9.82e-22 419-524 1.3e-22
Spectrin repeat 3 528-649 1.32e-23 b37-644 2.14e-4 534-645 2.3e-12
Spectrin repeat 4 651-764 2.71e-20 658-757 0.154 655-758 4.1e-10
EF-hand 757-907 1.06e-20 775-803 0.563 773-842 5.5e-5
EF-hand 816-844 0.0575
Ca®*insensitive EF-hand 847-911 9.91e-30 847-911 3.4e-21

tag and the 6xHis-tagged TEV protease. Gel filtration on a
HiPrep 26/10 desalting column was used to transfer the
purified protein into buffer TK (50 mm Tris, pH 8.0,
200 mm KCI).

When required, further purification was achieved by gel
filtration in buffer TK on Sephacryl 26/60 S-100. Protein
was routinely concentrated by Amicon Ultra centrifugal fil-
ter devices (MilliporeSigma, Burlington, MA, USA).

Protein concentration was determined by measurement
of the absorbance at 280 nm using the molar attenuation
coefficient (formerly molar absorptivity) as calculated from
the amino acid sequence using ProtParm at the ExPASy
Bioinformatics Resource Portal. Protein purity was rou-
tinely determined by denaturating SDS/PAGE [30].

Actin co-sedimentation assay

A co-sedimentation assay was used to assess the actin-
binding and cross-linking activity of R. argentea o-actinin-
like protein. Actin was purified from acetone powder of
rabbit skeletal muscle as described before [31,32]. Actin, in
S mm Tris/HCI, pH 8.0, 0.2 mm CaCl,, and 0.2 mm ATP,
was allowed to polymerize at room temperature after addi-
tion of KCI and MgCl, to final concentrations of 50 and
2 mM, respectively.

Cross-linking activity was assayed by low-speed co-
sedimentation. Under such conditions, only cross-linked
actin will sediment together with the cross-linker. For this,
first both polymerized (filamentous) actin and R. argentea
a-actinin-like protein were centrifuged at 13 000 r.p.m.
(16 000 g) for 15 min before assay to remove aggregated
protein. Filamentous actin was then mixed with R. argentea
a-actinin-like protein and incubated at 20 °C for 60 min.
After centrifuged at
13 000 r.p.m. (16 000 g) for 15 min protein and the super-
natant and pellet were analysed by SDS/PAGE [33].

Actin-binding activity was assayed by high-speed co-
sedimentation. The rationale being that any protein that

incubation, the mixture was

binds to filamentous actin will co-sediment with actin. The
expressed ABD of R. argentea o-actinin-like protein was
centrifuged for 60 min at 90 000 r.p.m. (350 000 g) to
remove aggregated protein. The ABD was then mixed with
filamentous actin and incubated at 20 °C for 60 min. The
mixture was then centrifuged at 90 000 r.p.m. (350 000 g)
for 60 min, to sediment filamentous actin and actin-bound
proteins. The supernatant and pellets were analysed by
SDS/PAGE.

Negative staining transmission electron
microscopy

Actin-binding was also analysed by transmission electron
microscopy. Leica EM ACE200 (Leica Microsystems,
Wetzlar, Germany) carbon coating system was used to
prepare copper grids coated with formvar. Grids were
glow-discharged with Pelco easiGlow system (Ted Pella,
Inc., Redding, CA, USA). 3.5 uL. sample was placed on
the grid and absorbed for 2 min, washed twice in water,
and stained immediately in 50 uL 1.5% uranyl acetate
solution for 30s. Samples were examined using FEI
Talos L120 TEM equipped with a Ceta CMOS
4000 x 4000 pixels camera (Thermo Fisher Scientific,
Hillsboro, OR, USA).

CD spectroscopy

Expressed protein in buffer TK with or without 10 mm cal-
cium was analysed by CD spectroscopy using a Jasco J-810
spectrometer (Kovalent, Stockholm, Sweden). Spectra
between 200 and 260 nm were collected using 0.025 nm
step-size and a scan speed of 50 nm-min~!, with a response
time of 0.5 s and a bandwidth of 1 nm.

The temperature stability of expressed protein was deter-
mined by the ellipticity at 222 nm. The thermal scan rate
was 1 °C-min~!, with a data pitch of 0.2 °C, 2 nm band-
width, and 4 s response time.
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Isothermal calorimetry

Calcium affinity was also determined by isothermal
calorimetry using a MicroCal iTC200 (Malvern Products,
Uppsala, Sweden). The measuring cell was loaded with
0.13 mMm R. argentea CaMD protein in 50 mm Tris/HCI,
pH 8.0, 200 mm KCI, and the injection syringe was filled
with 5-20 mm calcium chloride in the same buffer. Before
measurement, the R. argentea CaMD protein solution was
decalcified by passing over a Chelex 100 column.

Previous, it has been shown that the residual calcium
levels in concentrated protein samples are very low (less
than 0.02 mol calcium ions per mole of protein) even in
sample untreated with Chelex 100 [34].

Injection profiles were analysed using Nicpic [35] and SED-
PHAT [36].

Crystallization and structure determination of the
actin-binding domain

Sitting-drop vapour diffusion trials were performed at
room temperature in MRC-crystallization plates (Molecu-
lar Dimensions, Sheffield, UK). Droplets of 0.2 uL pro-
tein at 10 mgmL~! were mixed with 0.1 pL screening
solution from Molecular Dimensions (Structure Screen I
& II and MIDAS Plus) and Hampton Research (Aliso
Viejo, CA, USA) (SaltRX). The final crystallization con-
dition was 3.1 M sodium formate and 0.1 m sodium acet-
ate pH 4.5.

Crystals were soaked in crystallization solution supple-
mented with 15% glycerol before they were flash cooled in
liquid nitrogen and stored until data collection. X-ray
diffraction data were collected on an Eiger 16M detector
(DECTRIS, Baden-Dattwil, Switzerland) at beamline
X06SA, Swiss Light Source. The diffraction images were
processed with xps [37] and scaled with AmMLEss from the
ccp4 program suite [38]. The R. argentea ABD sequence
was used to search the protein data bank for related pro-
teins. The best hit (83% sequence identity) human actinin2
ABD, ACTN2 (pdb: 5a36) [39], was used as start model
for molecular replacement using PHASER [40]. The model
was built and refined using iterative cycles of coot [41] and
PHENIX.REFINE [42]. Hydrogen atoms were included and
refined in the final model. Statistics for data collection, pro-
cessing, and refinement are summarized in Table 2.

Structure prediction

The amino acid sequence was submitted to several structure
prediction web servers such as RaptorX [43], IntFOLD
[44], Robetta [45], I-Tasser [46], LOMETS [47], Phyre [48],
and Quark [49] to predict the tertiary structure of separate
domains.

UCSF CHIMERA package was used to analyse structures
and draw figures [50].

Alpha-actinins

Table 2. Data processing and refinement statistics.

Actin-binding domain

Data collection
Space group
Cell dimensions

P3;21

a, b, c(A) 37.22, 37.22, 290.27
o B,y () 90.00, 90.00, 120.00

Resolution (A)* 48.38-1.53 (1.53-1.50)

Rmerge 0.094 (0.862)

/ol 15.5 (2.9)

Total number of observations 728 797 (30 482)
Unique reflections 39 298 (1855)
Completeness (%) 99.9 (99.4)
Redundancy 18.5 (16.4)

CC1/2 0.999 (0.907)

Molecules in a.u. 1

Refinement

Resolution (A) 48-1.50

No. Reflections (work/test) 68 372/3578

Hwork/Hfree (%) 16.7/19.0

No. atoms
Protein 1951
Ligand/ion 23
Water 174

B-factors (A?)

Protein 29.5
Ligand/ion 411
Water 36.9

R.m.s. deviations
Bond lengths (A) 0.010
Bond angles (°) 1.102

Ramachandran Favoured (%) 97.1

PDB code 7aw8

* = Highest resolution shell.

Results and Discussion

Cloning, expression and purification

The amino acid sequence of the R. argentea o-actinin-
like protein was retrieved from NCBI. Based on the
amino acid sequence of the ABD, CaMD and full-
length protein, corresponding DNA sequences were
synthesized and subcloned into the expression vector
(pET-TEV).

The full-length and ABD constructs expressed rather
well whereas CaMD expressed poorly. All constructs
could be purified to reasonable purity by immobilized
metal affinity chromatography on nickel-loaded col-
umns. All purified proteins were soluble but degraded
to varying degrees even in the presence of protease
inhibitors. CaMD in particular exhibited fast degrada-
tion. Immediately after the affinity chromatography,
three strong bands were observed on SDS/PAGE, as
can be seen in Fig. 1. With time the largest band,
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representing the complete CaMD (16.9 kDa) disap-
peared and the other two bands increased in intensity.
As these three peptides bound to the affinity column,
degradation appears to occur at the C-terminal part of
CaMD, thus retaining the N-terminal part of CaMD.

Crystallization and structure determination

After initial crystallization screening and optimization,
diffraction quality crystals were obtained. The crystals
belonged to space group P3;21 with a single ABD per
asymmetric unit. The structure was solved by molecu-
lar replacement followed by iterative manual model
building and refinement to 1.5 A resolution. The final
Ryork/ Riree Was 16.7/19.0%. The model consists of resi-
dues 37-257, using numbering based on the full-length
R. argentea a-actinin. Overall, the electron density was
of high quality except for residues Vall33-Serl34.
Data processing and refinement statistics are summa-
rized in Table 2.

Structure of the N-terminal actin-binding domain

Similar to previously published ABD structure, the
R. argentea ABD is an all-helical structure divided
into two CH domains (CH1 and CH2). CHl com-
prises helix A, C, E, F, and G and CH2 comprises
helix A’, B, C', E/, F, and G'. The two domains are
linked by helices G and A’, whereas the main interac-
tion surface is located on helix A and G’. Three actin-
binding sites are found in ABDs (ABS1-3), of which
two are located in the CHI domain and one in the lin-
ker and CH2 domain [51,52]. ABS1 and ABS2 corre-
spond to helix A and helices G and F of CHI,
respectively, and ABS3 spans part of the linker
between CH1 and CH2 and helix A’ of CH2 (Fig. 2).
ABSI is partially buried in the ‘closed’ conformation

Fig. 2. The structure of the ABD of Rhodamnia argentea a-actinin-
like protein. The a-helices of CH1 and CH2 are depicted in blue and
tan, respectively. ABS1-3 are highlighted in gold.

K. Persson and L. Backman

and becomes fully accessible after a rearrangement of
the CH1-CH2 interface [52-54].

By analysing its protein sequence it is clear that,
except for the first 40 amino acid residues in the N-
terminus, the R. argentea ABD protein sequence is
very similar to other a-actinins’ ABD sequences. In
most cases, a polar or nonpolar residue in one ABD
corresponds to a similar residue in the other ABD
(Fig. 3A), keeping the same chemical characteristics.
Therefore, it was not surprising that the crystal struc-
ture of R. argentea ABD overlapped nearly perfect
with the structure of ABDs of other a-actinins. When
the structure of R. argentea ABD was submitted to the
Dali server [55], the ABD of the four human o-
actinins was top scorers, with Z-scores of more than
35 and root mean deviations of less than 1 A. Fig-
ure 3B shows the backbone of R. argentea ABD
superimposed on the ABD of human a-actininl.

Most of the sequence differences are outside the
three ABSs [52-54]. Val64 in ABS1 and Alal45 and
Leul51 in ABS2 of R. argentea o-actinin-like protein
correspond to alanine and valine and methionine,
respectively, in the ABD of human a-actininl
(Fig. 3A). In ABS3, the residues in human o-actinin
corresponding to Glul65 and Alal68 in R. argentea o-
actinin-like protein are serine and glutamate, respec-
tively. Thus, a hydroxyl-containing side chain is chan-
ged for a charged and longer side chain and long
charged side chain is changed for a small nonpolar
one. If ABS3 is important for binding as has been pro-
posed, these differences may affect the affinity.

The interface between CHI1 and CH2 is in general
conserved in most ABDs, so also in the ABD of R. ar-
gentea a-actinin-like protein. In the ABD of human a-
actininl, Trp128 and Ile136 both interact with Met239
[52]. Further contacts between CH1 and CH2 involve
hydrogen bonds between GIn32 and Asp234, GIn33
and Asp234, Thr36 and Met221, and Alal35 and
His247 as well as a salt bridge between Argd6 and
Asp217. All these interacting pairs are reproduced in
the ABD of R. argentea o-actinin-like protein except
for the salt bridge. Thus, Trpl53 and Ile 161 interact
with Met264, and GIn57, GIn58, Thr61, and Alal60
form hydrogen bonds with Asp259, Asp259, Met246,
and His272. Instead of the aforementioned salt bridge,
a hydrogen bond is present between Arg71 and
Asn242. The hydrophobic (m-cation) contact between
Trpl128 and Lys236 in human a-actininl as well as in
several other ABDs, that is proposed to function as a
hinge between CHI1 and CH2 [52], is preserved in
R. argentea o-actinin-like protein although lysine is
exchange for an arginine (Arg261). Therefore, it is
likely that the R. argentea o-actinin-like protein

2202 FEBS Open Bio 11 (2021) 2198-2210 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



K. Persson and L. Backman

A
1

Alpha-actinins

helix A

——
R argentea MTTVDGTANGNGAVPSTDYANGFNQNNGTSNVIDGNYMEQEEEWERAGLLDPAWEKQQRK

humani

61 helix A

MDHYDSQQTNDYMQPEEDWDRDLLLDPAWEKQQORK

helix C helix E

—— —— ——
R argentea TFTVWCNSHLRKADTQIENIEEDFRNGLKLMLLLEVISGETLPKPDRGKMRFHKIANVNK

humani

121 helix E
—

TFTAWCNSHLRKAGTQIENIEEDFRDGLKLMLLLEVISGERLAKPERGKMRVHKISNVNK

helix F helix G helix A'

— — —
R argentea ALDFIASKDVKLVSIGAEEIVDGNAKMTLGLIWTIILRFAIQDIEVEASTAKEGLLLWCO

humani

181

ALDFIASKGVKLVSIGAEEIVDGNVKMTLGMIWTIILRFAIQDISVEETSAKEGLLLWCQ

helix B' helix C' helix E'

- — —— ——
R a rge ntea RKTSPYKNVNVHNFHNSWKDGLAFCALIHRHRPELIDYNSLTREDPVRNLNLAFDVAEKH

humani

241

RKTAPYKNVNIQONFHISWKDGLGFCALIHRHRPELIDYGKLRKDDPLTNLNTAFDVAEKY

helix F' helix G'

] — ——
R argentea LNIPKMLDAEDIKTSLKPDERAIMTYISSYYHTFA

human1i LDIPKMLDAEDIVGTARPDEKAIMTYVSSFYHAFS
B ~
e
\ N-term

Fig. 3. Comparison between \ P
Rhodamnia argentea a-actinin-like protein A \
and human o-actinin1 (A) Amino acid v ,
sequences of R. argentea a-actinin-like / B
protein ABD aligned with the ABD of ) |
human a-actinin1. The sequence of the W, -
two calponin homology domains (CH1 and | /_\&—_/:)
CH2) is blue and tan, respectively. The \\ 4 \
helices are labelled as in Fig. 2. The three SLE v ,c ) ")

actin-binding sequences (ABS1-3) are p—
marked with a grey box and sequence

differences in red. (B) The backbone of the

ABD of R. argentea a-actinin-like protein

(CH1: blue and CH2: tan) superimposed on

the ABD of human a-actinini (pink) (pdb:

2eyi).

undergoes a similar ‘opening’ of the closed form as
other a-actinins when binding to actin filaments [56].

Binding actin filaments

By forming antiparallel dimers, with an ABD at each
end, o-actinin can cross-link actin filaments into bun-
dles or networks. It is well known that dimer forma-
tion requires the rod domain [57,58]. The ability of
R. argentea a-actinin-like protein to cross-link actin fil-
aments was examined wusing a low-speed co-
sedimentation assay. In this assay, a mixture of actin
filaments and the cross-linker are centrifuged. A low-
speed centrifugation will pellet actin networks and
bundles but not individual actin filaments. Thus, in the
absence of cross-linking activity, no actin will be pel-
leted and all actin end up in the supernatant after cen-
trifugation. By analysing the distribution of actin and
cross-linker between supernatant and pellet, network-
ing and bundling can be determined.
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For this, mixtures of actin filaments and R. argentea
o-actinin-like protein were incubated at room tempera-
ture before centrifugation at low-speed (16 000 g for
15 min) followed by analysis of supernatant and pel-
leted material by SDS/PAGE. Figure 4 clearly shows
that presence of R. argentea o-actinin-like protein
causes actin and R. argentea o-actinin-like protein to
be pelleted by a low-speed centrifugation, whereas in
its absence, actin is only present in the supernatant.
Thus, the results imply that R. argentea o-actinin-like
protein, like other a-actinins, can cross-link actin fila-
ments.

This conclusion was collaborated by transmission
electron microscopy. Figure 5 shows that R. argentea
o-actinin-like protein crosslinks actin filaments into
unordered networks (Fig. 5C). A higher ratio of cross-
linker causes formation of denser structures (or bun-
dles) (Fig. 5B). In the absence of cross-linker
(Fig. 5A), the two-start right-handed helical structure
of the actin filaments is clearly observable, whereas in
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Fig. 4. Actin binding. Filamentous rabbit skeletal muscle actin was
incubated with varying concentrations of  full-length
Rhodamnia argentea o-actinin-like protein for 60 min at room
temperature and centrifuged for 15 min at 13 000 r.p.m
(16 000 g). Supernatants (S) and pelleted protein (P) were analysed
by 10% SDS/PAGE. Lane 1: 5pum actin; lane 2: 12.7 um
R. argentea full-length a-actinin-like protein; lane 3: 5 pm actin and
12.7 pm a-actinin-like protein; lane 4: 5 pum actin 8.5 pm a-actinin-
like protein; lane 5: 5 um actin and 4.2 um a-actinin-like protein;
lane 6: 5 pum actin and 2.1 pum a-actinin-like protein; lane 7: 5 pum
actin and 0.8 um o-actinin-like protein; lane M: molecular size
markers.

the presence of R. argentea a-actinin-like protein, the
two-start helical structure is less clear. In the presence
of the cross-linker, many short (50-100 nm) structures
are noticeable, that may represent actin filament frag-
ments.

To determine whether the R. argentea ABD, like the
ABD of any other a-actinin, is required for binding to
actin, a high-speed co-sedimentation assay was
employed. In this case, a high-speed centrifugation pel-
lets actin filaments and any protein with affinity for
actin will co-sediment and will be detected in the pel-
leted material.

To probe the affinity of the R. argentea ABD, mix-
tures of the ABD and filamentous actin were incu-
bated at room temperature before centrifugation at
high speed (350 000 g for 60 min). After centrifuga-
tion, supernatant and pellet were separated and anal-
ysed as before by SDS/PAGE. Figure 6 shows that in
the presence of actin filaments a fraction of the

Fig. 5. Negative staining transmission
electron microscopy. 5 uMm actin was
incubated alone (A) or with 1.6 pm (B) and
0.5 um (C) a-actinin-like protein before
staining. Scale bar 200 nm.
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Fig. 6. ABD binding to filamentous actin. Filamentous rabbit
skeletal muscle actin was incubated with varying concentrations of
the Rhodamnia argentea ABD for 60 min at room temperature
followed by centrifugation for 60 min at 90 000 r.p.m (350 000 g).
Supernatants (S) and pelleted protein (P) were analysed by 12%
SDS/PAGE. Lane 1: 5 um actin; lane 2: 50 um R. argentea ABD;
lane 3: 5 um actin and 50 pm ABD; lane 4: 5 um actin and 37.5 pum
ABD; lane 5: 5 pum actin and 25 um ABD; lane 6: 5 pum actin and
125 uv ABD; lane 7: 5 um actin and 6.3 um ABD; lane M:
molecular size markers.

R. argentea ABD is co-sedimented together with actin.
The results clearly indicate that the ability to bind and
cross-link actin filaments requires the ABD of R. ar-
gentea o-actinin-like protein.

Calcium affinity of the C-terminal calmodulin-like
domain

Both Pfam [29] and Smart [28] identify the N-terminal
EF-hand pair as calcium-active with weak e-values
and the C-terminal EF-hand pair as calcium-
insensitive with very low e-values. Superfamily [27] rec-
ognizes the C-terminal as an EF-hand, with no indica-
tion whether it may be active or not (Table 1). When
we aligned the R. argentea CaMD with those of
known calcium-binding EF-hands, it was clear that
important residues in all EF motifs required for cal-
cium binding are missing. For instance, aspartate at
position X and Y in the consensus sequence, present
in all o-actinins with a calcium-sensitive EF motif, is
missing in all R. argentea EF motifs, as Fig. 7 shows.
Three of the EF motifs of R. argentea CaMD also
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EF 1: Canonical sequence

calmodulin LTEEQIA
humanl ISQEQMN
human2 ITQEQMN
human3 LSQEQLN
human4 ISQEQMQ
R argentea GSQDQLN

EF 2: Canonical sequence
calmodulin

humanl

human2

human3

human4

R argentea

EF 3: Canonical sequence
calmodulin

humanl

human2

human3

human4

R argentea

Ca?*-binding loop

linker

En**nn**nX*Y*ZGynx**zn**nn**n
EFKEAFSLFDKDGDGTITTKELGTVMRSL
EFRASFNHFDRDHSGTLGPEEFKACLISL
EFRASFNHFDRRKNGLMDHEDFRACLISM
EFRASFNHFDRKRNGMMEPDDFRACLISM
EFRASFNHFDKDHGGALGPEEFKACLISL
DFRASFNHFDKQRSNRLTPEEFRSCLVSL

En**nn**nX*Y*ZGynx**zn**nn**n
ELQODMINEVDADGNGTIDFPEFLTMMARK
EFARIMSIVDPNRLGVVTFQAFIDFMSRE
EFARIMTLVDPNGQGTVTFQSFIDFMTRE
EFARIMTMVDPNAAGVVTEFQAFIDFMTRE
EFNRIMSLVDPNHSGLVTFQAFIDFMSRE
DFRRIMSLVDPNNTKYVTFDSFLDFMTRE

En**nn**nX*Y*ZGynx**zn**nn**n
EIREAFRVFDKDGNGYISAAELRHVMTNL
QVMASFKILAGDKN-YITMDELRRELPPD
QVIASFRILASDKP-YILAEELRRELPPD
QVVASFKILAGDKN-YITPEELRRELPAK
QVIASFKVLAGDKN-FITAEELRRELPPD
QILDSFRILASDRP-FITVEELRQELPKD

GONPTEA
GYDIGNDPQGEA
GYDLGEA
GYDLGEV
GYDVENDRQGEA
GYSIRNDRQGDS

MKDTDSEE
TADTDTAD
TADTDTAE
TAETDTTE
TTDTDTAD
STDRDTAE

GEKLTDE
QA
QA
QA
QA
QA

Alpha-actinins

EF 4: Canonical sequence
calmodulin

humanl

human2

human3

human4

R argentea

En**nn**nX*Y*Z---Gynx**zn**nn**n
EVDEMIREADIDGD---GQVNYEEFVQMMTAK
EYCIARMAPYTGPDSVPGALDYMSFSTALYGE SDL
QYCIKRMPAYSGPGSVPGALDYAAFSSALYGE SDL
EYCIRRMVPYKGSGAPAGALDYVAFSSALYGE SDL
EYCIARMAPYQGPDAVPGALDYKSFSTALYGE SDL
EYCINRMKAFASGVSGALDYTSFATSLYGQSG

Fig. 7. Calcium-binding motifs. The sequence of the calmodulin-like C-terminal domain of Rhodamnia argentea o-actinin-like protein was
aligned with C-terminal domains of calmodulin and the four human isoforms as well as with the canonical sequence. In the binding loop,
calcium is coordinated in a pentagonal bipyramidal configuration by residues at positions X, Y, Z, y, x and z. Residue X, Y, Z, x and z
generally coordinate the calcium ion by side chain oxygens whereas residue y coordinates the ion through the backbone carbonyl oxygen. In
the canonical sequence: E, glutamate; G, glycine; n, hydrophobic residue; *, any residue. Based on the Prosite PS00018 pattern: D-x-[DNS]-
{ILVFYW}-[DENSTGI-[DNQGHRKI-{GP}-[LIVMCI]-[DENQSTAGC]-x(2)-[DE], red indicates a residue present in active EF-hand motifs, whereas
blue indicates a residue not commonly found in this position of the calcium-binding loop.

lack the invariant glutamate in the entering o-helix.
From this, it is most likely that the R. argentea CaMD
is unable to bind calcium ions.

This conclusion was supported by direct calcium-
binding analysis, both by isothermal calorimetry and
folding stability. The heat traces obtained by injecting
calcium to R. argentea CaMD did not show the typi-
cal profile of a ligand binding event, as evident in
Fig. 8. Obtained traces were more or less indistinguish-
able from traces obtained by injecting buffer into buf-
fer. The resulting ‘binding isotherms’ were flat and did
not indicate any binding of the calcium ions, the
CaMD.

As been shown before, binding of calcium increases
the folding stability of the protein [59]. Therefore,
temperature-dependent unfolding was determined by
CD in the absence and presence of calcium ions. The
unfolding was clearly independent of the presence of
calcium (Fig. 9). Thus, again indicating that the
CaMD does not bind calcium ions.

It could be argued that the fast degradation of
R. argentea CaMD may affect calcium binding. How-
ever, as degradation causes release of C-terminal
sequences, most likely the N-terminal EF-hands (EF1-

2 and probably EF3) are still intact even after degra-
dation. Since EF1 is the active calcium-binder in
calcium-sensitive a-actinins, it seems very unlikely that
the lack of calcium binding to R. argentea CaMD is
due to degradation.

The amino acid sequence was submitted to several
structure prediction web servers such as RaptorX [43],
IntFOLD [44], Robetta [45], I-Tasser [46], LOMETS
[47], Phyre [48], and Quark [49]. Independent on the
predictive algorithm, all services predicted similar
structures with two globular lobes connected by a
mainly a-helical linker. However, the different services
modelled the linker and loops in the lobes slightly dif-
ferently. RaptorX and Robetta predicted the linker to
be a continuous and nearly straight o-helix, whereas
the others predicted a helical linker with a nonhelical
region in the middle.

The model predicted by RaptorX was submitted to
ReFOLD [60] for refinement (Fig. 10). The structure
of the refined and final model was validated by the
Protein Structure Validation Suite [61]. After refine-
ment, according to both PROCHECK [62] and MOLPRO-
BITY [63], 97.7% of the residues were in favoured or
allowed regions in the Ramachandran plot, whereas
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obtained by injecting calcium chloride to Rhodamnia argentea
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Fig. 9. Thermal  stability —of the C-terminal CaMD  of
Rhodamnia argentea o-actinin-like protein in the absence (red) and
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determined from the molar ellipticity at 222 nm. Inset: Far UV CD
spectrum of the C-terminal CaMD of R. argentea a-actinin-like
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Fig. 10. Predicted structure of the C-terminal CaMD of
Rhodamnia argentea a-actinin-like protein (blue) superimposed on
the N-terminal (tan) and C-terminal (salmon) lobes of the C-terminal
CaMD of human a-actinin1.

only four residues (Arg39, Asp4l, Pro97, and Argl05)
were in disallowed regions.

The overall structure of the predicted model is very
similar to CaMDs of other a-actinins, as expected due
to the high sequence identity; the sequence identity
with the same region of human o-actininl is around
60% and the similarity is more than 86%. The N-
terminal lobe of the predicted CaMD superimposes on
the N-terminal half of human o-actininl with a root
mean deviation of less than 3 A. The C-terminal half
is less similar structurally, with a root mean deviation
close to 8 A.

Full-length R. argentea a-actinin-like protein

To get a plausible view of the structure of the full-
length R. argentea a-actinin-like protein, we submitted
the full-length sequence to RaptorX. The predicted
model is very similar to the determined a-actinin struc-
tures of chicken gizzard muscle (pdb: 1sjj) and human
muscle (pdb: 4dle) a-actinins, the hitherto only deter-
mined a-actinin structures (Fig. 11).

The model includes the three typical o-actinin
domains; a N-terminal ABD, a rod domain, contain-
ing four spectrin repeats, and a C-terminal CaMD.
Since the R. argentea o-actinin-like protein crosslinks
actin filaments, it is highly likely that the native struc-
ture is composed of two molecules, forming an
antiparallel homodimer, similar to all other character-
ized o-actinins.

Conclusion

It was indeed surprising to discover that the genome
of R. argentea contains a transcribed gene that upon

2206 FEBS Open Bio 11 (2021) 2198-2210 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies


https://doi.org/10.2210/pdb1sjj/pdb
https://doi.org/10.2210/pdb4d1e/pdb

K. Persson and L. Backman

)‘
N-term €7 “t}

i

Lo

< o '
= ‘\s“f‘lgl’b '8 §
" g (10 "?‘;Q\'

L\

Ui’%y‘ t'i’t"" : n' "-.bl*- VG

Alpha-actinins

Fig. 11. Model of full-length

Rhodamnia argentea a-actinin-like protein,
with the N-terminal ABD (golden), four
spectrin repeats (blue), and the C-terminal

ABD spectrin repeats

translation would give rise to an a-actinin-like protein.
Our characterization of the R. argentea o-actinin-like
protein has shown that the protein has all hallmarks
of a typical a-actinin: an N-terminal ABD and a C-
terminal CaMD with an intervening rod domain with
four spectrin repeats. The crystal structure of the ABD
of R. argentea o-actinin-like protein superimposes very
well on ABDs of a-actinins. Also, the predicted model
of the C-terminal overlays well with the C-terminal
domain of a-actinins. Although we have not character-
ized the rod domain in detail, based on sequence simi-
larity, it is obvious that this part contains four triple-
helical repeats or so-called spectrin repeats, similar to
all animal a-actinins.

Like any spectrin repeat, the spectrin repeats of
R. argentea o-actinin-like protein contain about 110
residues. Also, the highly conserved tryptophan close
to the N-terminal (at position 17) of each repeat is
present in R. argentea o-actinin-like protein. There-
fore, we propose that the R. argentea o-actinin-like
protein is in fact a genuine o-actinin.

Since plants appear to lack a-actinin, no published
genome contains a sequence coding for a-actinin or an o-
actinin-like protein with the exception of R. argentea
and Quercus suber (cork oak). However, the a-actinin-
like protein of Q. suber (XM_024024281 and XM_
024033408) contains a short rod domain, comprising of
only two spectrin repeats, like a-actinins of fungi. Since
the a-actinins of all higher eukaryotes have a rod domain
comprising four spectrin repeats, it is possible that the
annotated sequence is not from Q. suber but rather a
contaminating organism, possible of fungal origin.

Entamoeba histolytica (Entamoebidae), Tri-
chomonas vaginalis (Parabasalid), Phytophthora infes-
tans (Stramenopiles), and Bigelowiella natans

(Chlorarachniophyte) as well as several other organisms
that predates the animal-plant bifurcation express an o-
actinin or an o-actinin-like protein [15,59,64-66]. Thus,
plants, with the exception of R. argentea, appear to have
lost the a-actinin gene during the evolution. Whether
other Rhodamnia species also have kept an a-actinin gene
is unknown due to the lack of sequence information.

It may be speculated that the presence of a R. ar-
gentea o-actinin has given an evolutionary advantage.

CaMD CaMD (tan).

If so, it seems even more inexplicable why other plants
have lost it.

Acknowledgements

This work was supported by grants from Carl Tryg-
gers  Stiftelse and Swedish Research Council
(Dnr 2016-05009). Facilities were provided by Umea
Core Facility for Electron Microscopy UCEM,
National Microscopy Infrastructure, NMI (VR-RFI
2016-00968) and the Protein Expertise Platform (PEP).

Conflict of interest

The authors declare no conflict of interest.

Author contributions

LB and KP conceived and designed the project,
acquired the data, analysed and interpreted the data
and wrote the paper.

Data accessibility

The crystal structure of R. argentea a-actinin ABD has
been deposited in the Protein data bank with pdb
code: 7aw8.

References

1 Snow N (2007) Systematics of the Australian species of
Rhodamnia (Myrtaceae). Systematic Bot Monogr 82, 1—
69.

2 Faraday CD and Spanswick RM (1993) Evidence for a
membrane skeleton in higher plants. A spectrin-like
polypeptide co-isolates with rice root plasma
membranes. FEBS Lett 318, 313-316.

3 De Ruijter NCA, Ketelaar T, Blumenthal SSD, Emons
AMC and Schel JHN (2000) Spectrin-like proteins in
plant nuclei. Cell Biol Int 24, 427-438.

4 Zhang X, Yuan M and Wang X (2004) Identification
and function analysis of spectrin-like protein in pollen
tubes of lily (Lilium davidii Duch). Chin Sci Bull 49,
1606-1610.

FEBS Open Bio 11 (2021) 2198-2210 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of 2207

Federation of European Biochemical Societies


info:refseq/XM_024024281
info:refseq/XM_024033408
info:refseq/XM_024033408
https://doi.org/10.2210/pdb7aw8/pdb

Alpha-actinins

5

10

11

12

13

14

15

16

17

18

19

20

2208

Michaud D, Guillet G, Rogers PA and Charest PM
(1991) Identification of a 220 kDa membrane-associated
plant cell protein immunologically related to human
Beta-spectrin. FEBS Lett 294, 77-80.

Reuzeau C, Doolittle KW, McNally JG and Pickard
BG (1997) Covisualization in living onion cells of
putative integrin, putative spectrin, actin, putative
intermediate filaments, and other proteins at the cell
membrane and in an endomembrane sheath.
Protoplasma 199, 173-197.

Perez-Munive C, Diaz M and de la Espina S (2011)
Nuclear spectrin-like proteins are structural actin-
binding proteins in plants. Bio/ Cell 103, 145-157.
Otey CA and Carpen O (2004) a-actinin revisited: a
fresh look at an old player. Cell Motil Cytoskeleton 58,
104-111.

Foley KS and Young PW (2014) The non-muscle
functions of actinins: an update. Biochem J 459, 1-13.
Dos Remedios CG, Chhabra D, Kekic M, Dedova IV,
Tsubakihara M, Berry DA and Nosworthy NJ (2003)
Actin binding proteins: regulation of cytoskeletal
microfilaments. Physiol Rev 83, 433—473.

Broderick MJ and Winder SJ (2005) Spectrin, a-actinin,
and dystrophin. Adv Protein Chem 70, 203-246.
Gautel M and Djinovic-Carugo K (2016) The
sarcomeric cytoskeleton: from molecules to motion. J
Exp Biol 219, 135-145.

Murphy AC and Young PW (2015) The actinin family
of actin cross-linking proteins — a genetic perspective.
Cell Biosci 5, 49.

Wachsstock DH, Schwarz WH and Pollard TD (1993)
Affinity of a-actinin for actin determines the structure
and mechanical properties of actin filament gels.
Biophys J 65, 205-214.

Virel A and Backman L (2007) A comparative and
phylogenetic analysis of the a-actinin rod domain. Mol
Biol Evol 24, 2254-2265.

Burridge K and Feramisco JR (1981) Non-muscle o-
actinins are calcium-sensitive actin-binding proteins.
Nature 294, 565-567.

Noegel A, Witke W and Schleicher M (1987) Calcium-
sensitive non-muscle a-actinin contains EF-hand
structures and highly conserved regions. FEBS Lett
221, 391-396.

Blanchard A, Ohanian V and Critchley D (1989) The
structure and function of a-actinin. J Muscle Res Cell
Motil 10, 280-289.

Lek M, MacArthur DG, Yang N and North KN
(2010) Phylogenetic analysis of gene structure and
alternative splicing in a-actinins. Mol Biol Evol 27, 773—
780.

Wahlstrom G, Lahti VP, Pispa J, Roos C and Heino TI
(2004) Drosophila non-muscle alpha-actinin is localized
in nurse cell actin bundles and ring canals, but is not
required for fertility. Mech Dev 121, 1377-1391.

21

22

23

24

25

26

27

28

29

30

31

32

33

34

35

36

K. Persson and L. Backman

Wasenius VM, Narvianen O, Lehto VP and Saraste M
(1987) alpha-actinin and spectrin have common
structural domains. FEBS Lett 221, 73-76.

Sjoblom B, Salmazo A and Djinovic-Carugo K (2008)
a-actinin structure and regulation. Cell Mol Life Sci 65,
2688-2701.

Virel A and Backman L (2004) Molecular evolution
and structure of a-actinin. Mol Biol Evol 21, 1024—
1031.

Rosenberg S, Stracher A and Lucas RC (1981)
Isolation and characterization of actin and actin-
binding protein from human platelets. J Cell Biol 91,
201-211.

Virel A and Backman L (2006) Characterization of
Entamoeba histolytica a-actinin. Mol Biochem Parasitol
145, 11-17.

Travers T, Shao H, Wells A and Camacho CJ (2013)
Modeling the assembly of the multiple domains of
alpha-actinin-4 and its role in actin cross-linking.
Biophys J 104, 705-715.

Wilson D, Pethica R, Zhou Y, Talbot C, Vogel C,
Madera M, Chothia C and Gough J (2009)
SUPERFAMILY-sophisticated comparative genomics,
data mining, visualization and phylogeny. Nucleic Acids
Res 37, D380-D386.

Letunic I, Doerks T and Bork P (2015) SMART: recent
updates, new developments and status in 2015. Nucleic
Acids Res 43, D257-D260.

Finn RD, Coggill P, Eberhardt RY, Eddy SR, Mistry
J, Mitchell AL, Potter SC, Punta M, Qureshi M,
Sangrador-Vegas A et al. (2016) The Pfam protein
families database: towards a more sustainable future.
Nucleic Acids Res 44, D279-D285.

Laemmli UK (1970) Cleavage of structural proteins
during the assembly of the head of bacteriophage T4.
Nature 227, 680-685.

Spudich JA and Watt S (1971) The regulation of rabbit
skeletal muscle contraction. Biochemical studies of the
interaction of the tropomyosin-troponin complex with
actin and the proteolytic fragments of myosin. J Biol
Chem 246, 4866-4871.

Pardee JD and Spudich JA (1982) Purification of
muscle actin. Methods Enzymol 85 (Pt B), 164—181.
Backman L and Persson K (2018) The no-nonsens
SDS-PAGE. Methods Mol Biol 1721, 89-94.

Backman L (2015) Calcium affinity of human o-actinin
1. PeerJ 3, e944.

Keller S, Vargas C, Zhao H, Piszczek G, Brautigam
CA and Schuck P (2012) High-precision isothermal
titration calorimetry with automated peak-shape
analysis. Anal Chem 84, 5066-5073.

Houtman JCD, Brown PH, Bowden B, Yamaguchi H,
Appella E, Samelson LE and Schuck P (2007) Studying
multisite binary and ternary protein interactions by
global analysis of isothermal titration calorimetry data

FEBS Open Bio 11 (2021) 2198-2210 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



K. Persson and L. Backman

37

38

39

40

41

42

43

44

45

46

47

48

49

50

FEBS Open Bio 11 (2021) 2198-2210 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

in SEDPHAT: application to adaptor protein
complexes in cell signaling. Protein Sci 16, 30—42.
Kabsch W (2010) XDS. Acta Crystallogr D Biol
Crystallogr 66, 125-132.

Evans PR and Murshudov GN (2013) How good are
my data and what is the resolution? Acta Crystallogr D
Biol Crystallogr 69, 1204-1214.

Haywood NJ, Wolny M, Rogers B, Trinh CH, Shuping
Y, Edwards TA and Peckham M (2016) Hypertrophic
cardiomyopathy mutations in the calponin-homology
domain of ACTN2 affect actin binding and
cardiomyocyte Z-disc incorporation. Biochem J 473,
2485-2493.

McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn
MD, Storoni LC and Read RJ (2007) Phaser
crystallographic software. J Appl Crystallogr 40, 658—
674.

Emsley P, Lohkamp B, Scott WG and Cowtan K
(2010) Features and development of Coot. Acta
Crystallogr D Biol Crystallogr 66, 486-501.

Afonine PV, Grosse-Kunstleve RW, Echols N, Headd
JJ, Moriarty NW, Mustyakimov M, Terwilliger TC,
Urzhumtsev A, Zwart PH and Adams PD (2012)
Towards automated crystallographic structure
refinement with phenix.refine. Acta Crystallogr D Biol
Crystallogr 68, 352-367.

Wang S, Sun S and Xu J (2018) Analysis of deep
learning methods for blind protein contact prediction in
CASPI12. Proteins 86 (Suppl 1), 67-77.

McGuffin LJ, Adiyaman R, Maghrabi AHA, Shuid
AN, Brackenridge DA, Nealon JO and Philomina LS
(2019) IntFOLD: an integrated web resource for high
performance protein structure and function prediction.
Nucleic Acids Res 47, W408-W413.

Park H, Kim DE, Ovchinnikov S, Baker D and
DiMaio F (2018) Automatic structure prediction of
oligomeric assemblies using Robetta in CASP12.
Proteins 86 (Suppl 1), 283-291.

Yang J and Zhang Y (2015) I-TASSER server: new
development for protein structure and function
predictions. Nucleic Acids Res 43, W174-W181.

Zheng W, Zhang C, Wuyun Q, Pearce R, Li Y and
Zhang Y (2019) LOMETS2: improved meta-threading
server for fold-recognition and structure-based function
annotation for distant-homology proteins. Nucleic Acids
Res 47, W429-W436.

Kelley LA, Mezulis S, Yates CM, Wass MN and
Sternberg MJ (2015) The Phyre2 web portal for protein
modeling, prediction and analysis. Nat Protoc 10, 845~
858.

Xu D and Zhang Y (2013) Toward optimal fragment
generations for ab initio protein structure assembly.
Proteins 81, 229-239.

Pettersen EF, Goddard TD, Huang CC, Couch GS,
Greenblatt DM, Meng EC and Ferrin TE (2004) UCSF

Federation of European Biochemical Societies

51

52

53

54

55

56

57

58

59

60

61

62

63

64

Alpha-actinins

Chimera — a visualization system for exploratory
research and analysis. J Comput Chem 25, 1605-1612.
Hemmings L, Kuhlman PA and Critchley DR (1992)
Analysis of the actin-binding domain of alpha-actinin
by mutagenesis and demonstration that dystrophin
contains a functionally homologous domain. J Cell Biol
116, 1369-1380.

Borrego-Diaz E, Kerff F, Lee SH, Ferron F, Li Y and
Dominguez R (2006) Crystal structure of the actin-
binding domain of a-actinin 1: evaluating two
competing actin-binding models. J Struct Biol 155, 230—
238.

Murphy AC, Lindsay AJ, McCaffrey MW, Djinovic-
Carugo K and Young PW (2016) Congenital
macrothrombocytopenia-linked mutations in the actin-
binding domain of alpha-actinin-1 enhance F-actin
association. FEBS Lett 590, 685-695.

Franzot G, Sjoblom B, Gautel M and Djinovic Carugo
K (2005) The crystal structure of the actin binding
domain from a-actinin in its closed conformation:
structural insight into phospholipid regulation of a-
actinin. J Mol Biol 348, 151-165.

Holm L and Rosenstrom P (2010) Dali server:
conservation mapping in 3D. Nucleic Acids Res 38,
W545-W549.

Galkin VE, Orlova A, Salmazo A, Djinovic-Carugo K
and Egelman EH (2010) Opening of tandem calponin
homology domains regulates their affinity for F-actin.
Nat Struct Mol Biol 17, 614-616.

Ylanne J, Scheffzek K, Young P and Saraste M (2001)
Crystal structure of the a-actinin rod reveals an
extensive torsional twist. Structure 9, 597-604.

Kahana E and Gratzer WB (1991) Properties of
spectrin-like structural element of smooth-muscle alpha-
actinin. Cell Motil Cytoskeleton 20, 242-248.

Backman L (2018) Alpha-actinin of the
chlorarchiniophyte Bigelowiella natans. PeerJ 6, ¢4288.
Shuid AN, Kempster R and McGuffin LJ (2017)
ReFOLD: a server for the refinement of 3D protein
models guided by accurate quality estimates. Nucleic
Acids Res 45, W422-W428.

Bhattacharya A, Tejero R and Montelione GT (2007)
Evaluating protein structures determined by structural
genomics consortia. Proteins 66, 778-795.

Laskowski RA, MacArthur MW, Moss DS, and
Thornton JM (1993) PROCHECK - a program to
check the stereochemical quality of protein structures.
J. App. Cryst. 26, 283-291.

Chen VB, Arendall III WB, Headd JJ, Keedy DA,
Immormino RM, Kapral GJ, Murray LW, Richardson
JS, and Richardson DC (2010) MolProbity: all-atom
structure validation for macromolecular
crystallography. Acta Crystallographica D66, 12-21.
Pace NR (1997) A molecular view of microbial diversity
and the biosphere. Science 276, 734-740.

2209



Alpha-actinins

65 Woese CR, Kandler O and Wheelis ML (1990)

2210

Towards a natural system of organisms: proposal for
the domains Archaea, Bacteria, and Eucarya. Proc Natl
Acad Sci USA 87, 4576-4579.

K. Persson and L. Backman

66 Williams TA, Cox CJ, Foster PG, Szollosi GJ and
Embley TM (2020) Phylogenomics provides robust
support for a two-domains tree of life. Nat Ecol Evol 4,

138-147.

FEBS Open Bio 11 (2021) 2198-2210 © 2021 The Authors. FEBS Open Bio published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies



	Outline placeholder
	feb413222-aff-0001

	 Mate�ri�als and meth�ods
	 Cloning, expres�sion and purifi�ca�tion
	feb413222-fig-0001
	 Actin co-sed�i�men�ta�tion assay
	 Nega�tive stain�ing trans�mis�sion elec�tron microscopy
	 CD spec�troscopy
	feb413222-tbl-0001
	 Isother�mal calorime�try
	 Crys�tal�liza�tion and struc�ture deter�mi�na�tion of the actin-bind�ing domain
	 Struc�ture pre�dic�tion

	 Results and Dis�cus�sion
	 Cloning, expres�sion and purifi�ca�tion
	feb413222-tbl-0002
	 Crys�tal�liza�tion and struc�ture deter�mi�na�tion
	 Struc�ture of the N-ter�mi�nal actin-bind�ing domain
	feb413222-fig-0002
	 Bind�ing actin fil�a�ments
	feb413222-fig-0003
	 Cal�cium affin�ity of the C-ter�mi�nal calmod�ulin-like domain
	feb413222-fig-0004
	feb413222-fig-0005
	feb413222-fig-0006
	feb413222-fig-0007
	 Full-length R.&thinsp;ar�gen�tea &agr;-ac�tinin-like pro�tein

	 Con�clu�sion
	feb413222-fig-0008
	feb413222-fig-0009
	feb413222-fig-0010

	 Acknowl�edge�ments
	 Con�flict of inter�est
	 Author con�tri�bu�tions
	 Data acces�si�bil�ity
	feb413222-bib-0001
	feb413222-bib-0002
	feb413222-bib-0003
	feb413222-bib-0004
	feb413222-fig-0011
	feb413222-bib-0005
	feb413222-bib-0006
	feb413222-bib-0007
	feb413222-bib-0008
	feb413222-bib-0009
	feb413222-bib-0010
	feb413222-bib-0011
	feb413222-bib-0012
	feb413222-bib-0013
	feb413222-bib-0014
	feb413222-bib-0015
	feb413222-bib-0016
	feb413222-bib-0017
	feb413222-bib-0018
	feb413222-bib-0019
	feb413222-bib-0020
	feb413222-bib-0021
	feb413222-bib-0022
	feb413222-bib-0023
	feb413222-bib-0024
	feb413222-bib-0025
	feb413222-bib-0026
	feb413222-bib-0027
	feb413222-bib-0028
	feb413222-bib-0029
	feb413222-bib-0030
	feb413222-bib-0031
	feb413222-bib-0032
	feb413222-bib-0033
	feb413222-bib-0034
	feb413222-bib-0035
	feb413222-bib-0036
	feb413222-bib-0037
	feb413222-bib-0038
	feb413222-bib-0039
	feb413222-bib-0040
	feb413222-bib-0041
	feb413222-bib-0042
	feb413222-bib-0043
	feb413222-bib-0044
	feb413222-bib-0045
	feb413222-bib-0046
	feb413222-bib-0047
	feb413222-bib-0048
	feb413222-bib-0049
	feb413222-bib-0050
	feb413222-bib-0051
	feb413222-bib-0052
	feb413222-bib-0053
	feb413222-bib-0054
	feb413222-bib-0055
	feb413222-bib-0056
	feb413222-bib-0057
	feb413222-bib-0058
	feb413222-bib-0059
	feb413222-bib-0060
	feb413222-bib-0061
	feb413222-bib-0062
	feb413222-bib-0063
	feb413222-bib-0064
	feb413222-bib-0065
	feb413222-bib-0066


