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Abstract 

Myosins are important motor proteins that associate with the actin cytoskeleton. Structurally, myosins function as 
heteromeric complexes where smaller light chains, such as calmodulin (CaM), bind to isoleucine–glutamine (IQ) 
domains in the neck region to facilitate mechano-enzymatic activity. We recently identified Arabidopsis CaM-like 
(CML) proteins CML13 and CML14 as interactors of proteins containing multiple IQ domains, including a myosin VIII. 
Here, we demonstrate that CaM, CML13, and CML14 bind the neck region of all four Arabidopsis myosin VIII iso-
forms. Among CMLs tested for binding to myosins VIIIs, CaM, CML13, and CML14 gave the strongest signals using 
in planta split-luciferase protein interaction assays. In vitro, recombinant CaM, CML13, and CML14 showed specific, 
high-affinity, calcium-independent binding to the IQ domains of myosin VIIIs. CaM, CML13, and CML14 co-localized to 
plasma membrane-bound puncta when co-expressed with red fluorescent protein–myosin fusion proteins containing 
IQ and tail domains of myosin VIIIs. In vitro actin motility assays using recombinant myosin VIIIs demonstrated that 
CaM, CML13, and CML14 function as light chains. Suppression of CML13 or CML14 expression using RNA silencing 
resulted in a shortened-hypocotyl phenotype, similar to that observed in a quadruple myosin mutant, myosin viii4KO. 
Collectively, our data indicate that Arabidopsis CML13 and CML14 are novel myosin VIII light chains.
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Introduction

The cytoskeleton is a dynamic and complex system that func-
tions in the organization of the intracellular environment. A 
ubiquitous component of the cytoskeleton is the acto-myosin 

network that contains myosin motor proteins bound to actin 
polymers. The myosin superfamily is broadly organized into 
two groups: conventional and unconventional. Conventional 
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myosins form filaments and mainly act in animal muscle con-
traction and cell motility (Altman, 2013). In contrast, uncon-
ventional myosins do not form filaments and are involved in 
various processes such as organelle trafficking, cell and organism 
growth, and nuclear rearrangements (Hartman et al., 2011; 
Altman, 2013; Nebenführ and Dixit, 2018). These unconven-
tional myosins possess four distinct domains: the motor, neck, 
and tail domains, and may also contain coiled-coil domains.

Although there are 79 phylogenetic classes of myosins 
(Kollmar and Mühlhausen, 2017), only two of these, VIII and 
XI, are present in plants (Nebenführ and Dixit, 2018). The 
Arabidopsis genome encodes four class VIII and 13 class XI 
myosins (Avisar et al., 2009; Peremyslov et al., 2010; Haraguchi 
et al., 2018). Myosin XIs are involved in a range of processes 
including endo- and exocytosis, cytoplasmic streaming, nuclear 
shape and positioning, gravitropism, and biotic stress responses 
(Peremyslov et al., 2010; Tominaga and Nakano, 2012; Buchnik 
et al., 2015; Abu-Abied et al., 2018; Nebenführ and Dixit, 
2018). In contrast, the roles of myosin VIIIs are not as clear. 
A study using a quadruple knockout line for all of the my-
osin VIIIs did not observe any strong phenotype (Talts et al., 
2016). Nevertheless, class VIII myosins have been implicated 
in processes such as plasmodesmatal function and endocy-
tosis (Baluška et al., 2001; Golomb et al., 2008; Sattarzadeh 
et al., 2008). Their enzymatic profile suggests tension sensor 
and/or tension generator activity rather than fast movement 
(Haraguchi et al., 2014; Henn and Sadot, 2014; Rula et al., 
2018; Olatungi et al., 2023). In addition, recent reports show 
the involvement of myosin VIIIs in the movement of viral 
particles of tobacco mosaic, rice stripe, and rice grassy stunt 
viruses, and the VirE2 protein from Agrobacterium tumefaciens 
(Pitzalis and Heinlein, 2017; Liu et al., 2023, Preprint). In the 
moss Physcomitrella patens, myosin VIIIs function during cyto-
kinesis (Wu et al., 2014). Recently, the myosin VIII isoform, 
ATM1, was found to function in hypocotyl elongation as well 
as root apical meristem development in a sugar-dependent 
manner (Olatunji and Kelley 2020; Olatunji et al., 2023).

In a generalized model of myosin architecture, the catalytic 
motor (head) domain of myosins interacts with actin filaments 
and is responsible for ATP hydrolysis, the neck domain binds 
one or more myosin light chains (MLCs) via IQ (isoleucine–
glutamine) motifs, the coiled-coil domain (when present) 
functions in homodimerization, and the globular tail domain 
binds to various cargo (Peremyslov et al., 2013; Kurth et al., 
2017; Duan and Tominaga, 2018). Very little is known about 
the neck domains of plant myosins, but they serve as the lever 
arm during mobility and are thus essential for proper myosin 
function. Myosin necks possess one or more IQ domains, de-
fined by the consensus motif IQXXXRGXXXR, that are ar-
ranged in proximity in the primary structure and act as the 
binding sites for MLCs that provide the rigidity essential for 
myosin movement (Heissler and Sellers, 2014). Plant myosin 
VIIIs are predicted to possess 3–4 IQ domains, whereas myosin 
XIs have 5–6 (Nebenführ and Dixit, 2018). MLCs are thus 

critical myosin partners and components of the cytoskeleton 
network. Historically, MLCs have been referred to by various 
names; however, upon their discovery, the MLC occupying the 
first IQ motif of muscle myosin II was called the ‘essential’ light 
chain (ELC). The term ‘essential’ was chosen as the ELC could 
only be removed under harsh conditions and dissociation inac-
tivated the holoenzyme (Heissler and Sellers, 2014). Similarly, 
the MLC bound to the second IQ motif was termed the ‘reg-
ulatory’ light chain (RLC), as this MLC was involved in regu-
lating myosin II’s motor activity (Heissler and Sellers, 2014). 
However, the categorization of MLCs as ELC versus RLC was 
based on the properties of conventional myosins, and thus is 
not necessarily applicable to unconventional myosins such as 
the myosin VIIIs and XIs found in plants. Regardless, MLCs 
described to date are either the evolutionarily conserved, 
Ca2+-binding protein calmodulin (CaM) or members of the 
EF-hand-containing superfamily (Heissler and Sellers, 2014).

It is thought that Ca2+ modulates acto-myosin dynamics 
in plants by decreasing myosin XI motility in response to an 
increased Ca2+ concentration (Yokota et al., 1999), but the 
model is based primarily on studies of mammalian class V myo-
sins (Tominaga and Nakano, 2012). MLCs such as CaM regulate 
class V myosins by binding to the IQ domains of the neck re-
gion in a Ca2+-independent manner, and Ca2+-induced disso-
ciation of MLCs from the neck domain in vivo is thought to be 
the main mode of regulation (Manceva et al., 2007; Tominaga 
and Nakano, 2012). In this respect, IQ domains are distinct 
from most other (non-IQ) CaM-binding domains where CaM 
binds in the Ca2+-bound (holo-CaM) form (Clapham, 2007). 
CaM is well established as an MLC in animals, and myosins 
from both lily pollen tubes and a green alga (Chara corallina) 
co-purified with CaM and other, unidentified, Ca2+-binding, 
non-CaM proteins that may be alternative MLCs (Kakei et al., 
2012). This suggests that CaM acts as a light chain for some 
plant myosins in vivo. However, some recombinant Arabidopsis 
myosin XIs co-expressed solely with CaM in insect cells do 
not exhibit smooth motility in vitro (Haraguchi et al., 2018), 
suggesting that, in addition to CaM, other plant-specific MLCs 
may be needed for mechano-enzyme function. By compar-
ison, various non-CaM MLCs have been identified and char-
acterized in mammalian and fungal species, where they often 
perform vital roles (Heissler and Sellers, 2014).

Despite their potential importance in myosin function, very 
little is known about plant MLCs and whether any of the 
CaM-related proteins found in plants may function as MLCs. 
In addition to the evolutionarily conserved CaM, plants also 
possess a large family of unique CaM-like (CML) proteins, 
with 50 isoforms in Arabidopsis that range from ~20% to 80% 
sequence identity with CaM (McCormack and Braam, 2003; 
Zhu et al., 2015). The only functional domains in CMLs are 
Ca2+-binding EF-hands, and thus they are predicted to func-
tion like CaM as regulatory proteins via interaction with 
downstream targets. While the functions of most CMLs re-
main unclear, several have been shown to participate in abiotic 
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and biotic stress responses as well as during various stages of 
development (DeFalco et al., 2009; La Verde et al., 2018; Zeng 
et al., 2023). However, unlike CaM, where many targets have 
been characterized, most CML targets remain unknown (La 
Verde et al., 2018).

Several previous studies speculated that CaM and other 
EF-hand-containing proteins may function as MLCs in plants. 
For example, CaM was proposed to be an MLC of myosin 
ATM1 (also known as myosin VIII-1) as it bound to IQ1 and 
increased the actin sliding velocity in vitro (Haraguchi et al., 
2014). However, when additional IQs in the neck domain of 
ATM1 were included, the motility experiments were not suc-
cessful in the presence of CaM alone, suggesting that additional 
MLCs are probably needed for the function of ATM1 and pos-
sibly other myosins (Haraguchi et al., 2014, 2018). Similarly, 
a screen for cytoskeletal modulators using fibroblast cells iso-
lated CML24 (aka TCH2) as a putative interactor of the neck 
domain of ATM1 in vitro (Abu-Abied et al., 2006). Recently, 
proteome analysis of complexes associated with Arabidopsis 
SnRK1-α1 and -γ1 identified myosin XI isoforms as well as 
CML13 and CML14 (Van Leene et al., 2022). These studies 
provide circumstantial evidence that some CMLs may func-
tion as MLCs in plants. We recently reported that CML13 
and CML14 interact with proteins that possess multiple IQ 
domains, including members of the IQ67-domain family 
(IQDs), CaM-binding transcriptional activators (CAMTAs), 
and class VIII myosins (Teresinski et al., 2023). Moreover, we 
found that CML13 and CML14 are important for normal 
plant growth and development (Symonds et al., 2023) and par-
ticipate in the salinity stress response (Hau et al., 2023). Here, 
we expand on these previous findings to investigate whether 
CML13 and CML14 are functional MLCs. We focused on the 
four members of the Arabidopsis myosin VIII family and used 
a combination of in vitro and in vivo approaches to assess the in-
teraction of these myosins with CaM and various CMLs. Our 
data strongly suggest that conserved CaM, as well as CML13 
and CML14, are novel MLCs in Arabidopsis.

Materials and methods

Plant material and growth conditions
Nicotiana benthamiana and Arabidopsis thaliana (Col-0) seeds were sown 
in Sunshine mix #1 (Sun Gro Horticulture Canada Ltd) and transferred 
to a growth chamber under short-day (SD) or long-day (LD) condi-
tions, respectively (Conviron MTR30; SD, 12 h photoperiod; LD, 18 h 
photoperiod, 22 °C, ~150 μmol m–2 s–1). For N. benthamiana, 14-day-old 
seedlings were transplanted to independent 10 cm pots and returned to 
the growth chamber. All pots were sub-irrigated as needed, with N-P-K 
fertilizer (20-20-20, 1 g l–1) applied every other week. For fluorescence 
microscopy assays, N. benthmaniana growth conditions were as previously 
described (Belausov et al., 2023). For hypocotyl assays, Arabidopsis seeds 
were sown onto 0.5× Murashige and Skoog (MS) agar plates with or 
without 5 µM dexamethasone (Dex), as previously described, before cold 
stratifying in the dark at 4 °C for 48 h (Symonds et al., 2023). Plates were 
then moved to the growth chamber in the dark and hypocotyls were 

allowed to elongate for 5 d before measuring the hypocotyl lengths with 
ImageJ (Rueden et al., 2017). The Dex-inducible hpRNAi lines were 
produced previously (Symonds et al., 2023). The Myosin VIII 4KO line, 
hereafter referred to as myosin viii4KO, was previously described (Talts 
et al., 2016).

Plasmid constructs and recombinant protein expression
For PCR and cloning, oligonucleotide primers used are listed in 
Supplementary Table S1. See Supplementary Table S2 for a description 
of plasmid constructs used in this study and the corresponding regions of 
proteins encoded by the respective cDNAs, and respective locus identi-
fiers. The cDNAs encoding a representative group of AtCMLs (CML6, 
8, 15, 19, 24, 35, 38, and 42), as well as CML13, CML14, and petunia 
CaM81 were cloned as full-length ORFs into the pCambia1300-C-
Luciferase (CLuc) vector downstream of the firefly luciferase enzyme as 
described previously (Chen et al., 2008). CaM81 (hereafter, referred to as 
CaM) is a conserved isoform of CaM from petunia (GenBank accession 
no. M80836) that is identical at the protein level to Arabidopsis CaM7. 
cDNAs encoding the full region or truncations of the Arabidopsis my-
osin class VIII neck domains were cloned upstream of the N-terminus 
of firefly luciferase in the pCambia1300-N-Luciferase (NLuc) bi-
nary vector. For fluorescent protein fusions, we used the Golden Gate 
system (Engler et al., 2014). The cDNAs of CML13, CML14, and CaM 
with flanking adapters having a BsaI site (5' TGGTCTCAAATG and 
3' GGTTCGTGAGACCA) and lacking the stop codon were synthe-
sized by Twist Bioscience. The cDNA of green fluorescent protein (GFP) 
containing a linker sequence at the 5' end (GGATCAACGGGTTCT 
encoding 5AA-GSTGS) was synthesized by Twist Bioscience. The BsaI 
adapters for GFP marker were TGGTCTCATTCG at the 5' end and 
GCTTTGAGACCA at the 3' end. The plasmids coding for 35S×2pro 
and 35S terminator were pich41295 and pich41276, respectively. All the 
level-0 plasmids were mixed to create a level-1 backbone binary plasmid 
(pICH47742) by a cut and ligate reaction using BsaI restriction enzyme 
and T4 DNA ligase from New England BioLabs (NEB). All plasmid con-
structs were confirmed by DNA sequencing. The plasmid encoding red 
fluorescent protein (RFP)–ATM1, RFP–ATM2, RFP–VIIIA, and RFP–
VIIIB were previously described (Avisar et al., 2009). Agrobacterium infil-
tration was performed as described (Belausov et al., 2023).

For recombinant protein expression, the cDNA sequences of interest 
were subcloned into expression vectors (Supplementary Table S2). cDNAs 
encoding the neck regions of myosin ATM1 (At3g19960) and ATM2 
(At5g54280) were cloned into pET28b, pET28b-GB1, and pGEX-4T-3 
vectors (Novagen) for expression in Escherichia coli strain BL21 (DE3) 
CPRIL (Novagen). pET28b-GB1 encodes GB1, the IgG-binding B1 
domain of the G protein found in Streptococcus. It is a highly stable and 
soluble protein used to improve the expression and solubility of recombi-
nant fusion proteins (Cheng and Patel, 2004). We tested binding of CaM, 
CML13, and CML14 to GB1 as a negative control in our binding assays. 
Recombinant proteins corresponding to the full neck regions of myosin 
VIIIs were solubilized using 8 M urea and purified using an Ni-NTA 
His60 column (Takara), or for glutathione S-transferse (GST)–multiple 
IQ fusions, using a glutathione–Sepharose (Sigma) column, as per the 
manufacturer’s instructions. Myosin full neck proteins were maintained 
in 8 M urea as they were unstable in aqueous buffers, whereas proteins 
comprised of multiple IQ domains were dialyzed overnight against Tris-
buffered saline (TBS; 50 mM Tris–HCl, 150 mM NaCl, pH 7.5). Re-
combinant CaM, CML13, and CML14 were expressed and purified as 
described (Teresinski et al., 2023).

For the myosin in vitro sliding assays, the ATM1 construct encodes 
the motor domain and native neck regions (four IQ motifs) and the 
ATM2 construct encodes a motor domain and native neck regions (three 
IQ motifs) of ATM2. Full-length cDNAs of ATM1 (At3g19960) and 
ATM2 (At5g54280) were provided by the RIKEN BioResource Center 
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and Dr Motiko Tominaga, respectively. A baculovirus transfer vector for 
ATM1 and ATM2 was generated using PCR (Supplementary Table S1). 
PCR products were ligated into the NcoI–AgeI restriction sites of pFast-
Bac MD (Ito et al., 2009). The resulting constructs, pFastBac ATM1 
and ATM2, encode N-terminal amino acids (MDYKDDDDKRS) 
containing the FLAG tag (DYKDDDDK), amino acid residues 1–935 
and 1–968 of ATM1 4IQ and ATM2 3IQ, respectively, and  C-terminal 
amino acids (GGGEQKLISEEDLHHHHHHHHSRMDEKTTG-
WRGGHVVEGLAGELEQLRARLEHHPQGQREPSR) containing 
a flexible linker (GGG), a Myc-epitope sequence (EQKLISEEDL), a 
His tag (HHHHHHHH), and a streptavidin-binding peptide (SBP) tag 
(MDEKTTGWRGGHVVEGLAGELEQLRARLEHHPQGQREP). 
ATM1 and ATM2 were expressed using a baculovirus expression system 
in HighFive™ insect cells. They were purified using nickel-affinity and 
FLAG-affinity resins as previously described (Haraguchi et al., 2022).

Split-luciferase assay
The split-luciferase (SL) protein–protein interaction assays were per-
formed as described (Chen et al., 2008; Teresinski et al., 2023). In brief, full 
cDNAs encoding ‘bait’ proteins (CaM and CMLs) were cloned into the 
CLuc binary vector for expression as fusion proteins in-frame with the 
C-terminal domain of firefly luciferase. The cDNAs encoding ‘prey’ pro-
teins (regions of myosin VIIIs as indicated in the figures) were cloned into 
the NLuc binary vector for expression as fusion proteins in-frame with 
the N-terminal domain of firefly luciferase. Transformation and growth 
of A. tumefaciens strain GV3101 were performed as described (Teresinski 
et al., 2023). Six-week-old N. benthamiana leaves were infiltrated by A. 
tumefaciens strain GV3101 carrying bait and prey constructs as indicated 
in the figures. Whole leaves were removed after 4 d incubation and leaves 
were sprayed with a 1 mM d-luciferin (GoldBio) and 0.01% Silwett L-77 
(Lehle Seeds Inc.) solution, and incubated in the dark for 10 min. Leaves 
were imaged on the ChemiDoc™ Touch Imaging System (Biorad Inc.). 
Alternatively, leaf discs were taken after 4 d, incubated with 100 μl of 
water containing 1 mM luciferin in a 96-well plate for 10–15 min, and 
luminescence was captured with the SpectraMax Paradigm multimode 
detection platform (Molecular Devices Inc.). The expression of CLuc 
fusions was verified by immunoblot (Santa-Cruz Biotech).

Microscopy and image analysis
For Förster resonance energy transfer (FRET)-fluorescence lifetime im-
aging microscopy (FLIM) analysis, images were acquired by the Leica 
Stellaris 8 Falcon confocal microscope containing the white laser WLL/
supercon. The fluorescence lifetime of the donor GFP (CML13–GFP, 
CML14–GFP, or CaM–GFP) was measured in leaves expressing the 
donor only. Fluorescence lifetime of the GFP donor was then meas-
ured in the presence of the co-expressed acceptors (mCherry–ATM1, 
mCherry–ATM2, mCherry–VIIIA, or mCherry–VIIIB). Image acquisi-
tion parameters were as follows; resolution 512 × 512, excitation 489 nm, 
emission 497–553 nm, 20% laser power, line accumulation ×8, laser pulse 
frequency 80 MHz (12.5 ns), objective HC PL APO CS2 × 63/1.2 water 
immersion. Fluorescence lifetime was extracted from pixel clusters on a 
Phasor plot, with GFP of the donor only behaving as a monoexponen-
tial component. FRET was calculated by the equation E=1–(tDA/tD) 
where t is GFP fluorescence lifetime, D is donor, and DA is donor in the 
presence of the acceptor. For each treatment, five measurements were 
performed from five different cells. For donor only, images were acquired 
from the cytoplasm; for donor+acceptor, the focus was adjusted on a re-
gion of interest (ROI) at the membrane according to the acceptor signal 
and then the image was acquired from the GFP channel only.

For co-localization live-cell imaging, a Leica SP8 confocal microscope 
was used. Imaging was performed using HyD detectors, HC PL APO 
CS ×63/1.2 water immersion objective (Leica, Wetzlar, Germany), and 

an OPSL 488 laser for GFP excitation with 500–530 nm emission range, 
and an OPSL 552 laser for RFP with 565–640 nm emission light detec-
tion. Co-localization analysis was done using the coloc function of Imaris 
(Oxford Instruments) where a minimum of 10 cells were analyzed from 
each treatment. Rate of co-localization was calculated by the function of 
Pearson’s coefficient analysis in Imaris. Graphs and statistics analysis were 
performed by GraphPad Prism 9.5.1 using one-way ANOVA.

Fluorescent protein–protein interaction overlay assays
CaM/CML binding overlay assays were performed as previously 
described (DeFalco et al., 2010) with minor changes. Briefly, pure re-
combinant myosin VIII fusion proteins were blotted onto nitrocellulose 
membranes and blocked overnight at 4 °C with TBST [TBS and 0.01% 
Tween-20 (v/v)] supplemented with 5% casein (w/v). The blots were 
washed and then incubated with 200 nM of pure, recombinant CaM 
or CMLs that had been covalently tagged with 680RD-NHS Ester 
(Li-Cor Biosciences) as per the manufacturer’s instructions. Protein–pro-
tein overlay assays were conducted in the presence of 2 mM CaCl2 or 
5 mM EGTA for 1 h at room temperature. The blots were washed several 
times in excess buffer without probe and imaged on the Odyssey XF 
Imager (Li-Cor Biosciences) on the 700 nm channel with a 120 s acqui-
sition time. Images were exported to ImageJ (Rueden et al., 2017) and 
the mean gray-scale per unit area was quantified for each of the C aM/
CML–myosin pairs.

Steady-state dansyl fluorescence spectroscopy
Recombinant CaM and CMLs were covalently labeled using dansyl 
fluoride as described (Alaimo et al., 2013). Samples of 600 nM dansyl-
ated CaM (D)-CaM or 3 µM CMLs were incubated in TBS with 1 mM 
CaCl2 or 1 mM EGTA with or without a 10 M excess of IQ motif 
peptide, for 30 min at room temperature. Fluorescence spectra were col-
lected using an excitation of 360 nm and emission wavelengths of 400–
600 nm for CaM (Alaimo et al., 2013), and 400–650 nm for CML13 and 
CML14 at 25 °C with a SpectaMax Paradigm instrument. Peptides were 
synthesized commercially by GenScript with the following sequences; 
ATM1-IQ1, LHGILRVQSSFRGYQARCLLKEL; and ATM2-IQ1, 
LQGIVGLQKHFRGHLSRAYFQNM.

Actin gliding assays
Actin sliding velocity was measured using an anti-Myc antibody-based 
version of the in vitro actin gliding assay as described (Ito et al., 2007). 
The velocity of actin filaments was measured in 25 mM KCl, 4 mM 
MgCl2, 25 mM HEPES-KOH (pH 7.4), 1 mM EGTA, 3 mM ATP, 
10 mM DTT, and an oxygen scavenger system (120 μg ml–1 glucose oxi-
dase, 12.8 mM glucose, and 20 μg ml–1 catalase) at 25 °C. CaM, CML13, 
and CML14 alone or in different combinations of two putative MLCs 
were added in the assay buffer. Average sliding velocities were determined 
by measuring the displacements of actin filaments that were smoothly 
moving for distances >10 μm using ImageJ (Rueden et al., 2017) with 
the MTrackJ plugin (Miejering et al., 2012). Ionic strength was calculated 
using CALCON based on Goldstein’s algorithm (Goldstein, 1979).

Results

Sequence comparisons of Arabidopsis CaM, CML13, 
and CML14 and the myosin VIII neck domains

Comparisons of the primary structure of the neck regions of 
Arabidopsis myosin VIII isoforms are presented in Fig. 1A and 
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of Arabidopsis CML13, CML14, and CaM in Fig. 1B. A phy-
logenetic tree (Fig. 1C) based on the 17 Arabidopsis myosins 
shows the clear subgrouping of class VIII members. A sequence 
comparison and phylogenetic tree of CML13/14 orthologs 
from several plant taxa are presented (Supplementary Fig. S1) 
and are also compared with MLCs from a range of plant and 
non-plant species (Supplementary Fig. S2). Arabidopsis paralogs 
CML13 and CML14 are 95% identical and differ by only eight 
residues while sharing ~50% identity with CaM. Where CaM 
possesses four EF-hands, only the first EF-hand of CML13 and 
CML14 is predicted to be functional according to InterPro 
analysis (Paysan-Lafosse et al., 2023) and a recent study on 
CML14 (Vallone et al., 2016). Typically, positions 1, 3, 5, 7, 9, 
and 12 within the 12 residue loop of the helix–loop–helix 
of an EF-hand are responsible for Ca2+ coordination (Gifford 
et al., 2007). In both CML13 and CML14 there are several 

unusual residues in positions that correspond to Ca2+ coordi-
nation residues in EF-hands 3 and 4 of CaM (Fig. 1B). In ad-
dition, the gaps within the EF-hand 2 region, as aligned with 
CaM, make this highly degenerate in CML13 and CML14 and 
unlikely to function in Ca2+ binding.

In the myosin VIII neck alignment, the core IQ consensus 
motifs are underlined and indicate that the neck regions of 
ATM1 and VIII-A are each predicted to possess four IQ 
domains, whereas ATM2 and VIII-B possess three, having lost 
the IQ domain that corresponds to the third IQ domain of 
ATM1 and VIII-A (Fig. 1A). IQ3 is quite degenerate in ATM1 
and VIII-A, and is missing several of the five core residues 
within the IQXXXRGXXXR canonical motif. Conversely, 
the most conserved IQ motif among myosin VIII isoforms, 
IQ2, deviates from the consensus myosin IQ sequence in that 
it possesses a negatively charged residue (Glu) at position 8 

Fig. 1. Protein sequence alignments of (A) the neck regions (residues ~800–1000) for Arabidopsis class VIII myosins, and (B) Arabidopsis CaM (AtCaM7, 
AT3G43810), CML13, and CML14. Amino acid residues were shaded based on their percentage identity, dark gray if identical, and progressively lighter 
gray through to white as unconserved. In (A), predicted IQ motif consensus sequences are overlined. The EF-hands of CaM in (B) are overlined, and 
Ca2+-coordinating residues in CaM are marked with a dot beneath the alignment. Residues that differ between CML13 and CML14 are indicated with an 
asterisk. ClustalΩ was used for alignment (Sievers and Higgins, 2014; Gouy et al., 2021), and images were generated using Jalview Version 2.11.2.6. (C) 
Phylogenetic tree of Arabidopsis class VIII and XI myosins. The tree was constructed using Seaview version 5.0 (Sievers and Higgins, 2014; Gouy et al., 
2021) from a complete alignment of proteins using PhyML with bootstrapping analysis (1000 replicates).
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in place of hydrophobic residues which typically occupy this 
position (Houdusse et al., 2006). The most C-terminal IQ do-
main is relatively conserved among the isoforms and matches 
the typical CaM-binding IQ consensus, the exception being 
VIII-A which has a Glu in place of a large hydrophobic res-
idue (Fig. 1A). Given these sequence differences between 
CML13/14 and CaM, and among the IQ domains of myosin 
VIIIs, we sought to assess the interaction of these proteins and 
the potential of CaM, CML13, and CML14 to function as 
MLCs.

CMLs bind the neck domain of Arabidopsis class VIII 
myosins in planta

To assess the association of Arabidopsis CaM and CMLs with the 
neck domains (i.e. the IQ domain regions) of the myosin VIIIs, 
we used leaves of N. benthamiana and the SL protein interaction 
assay (Fig. 2). A comparative schematic showing the domains 
of the myosin VIIIs is presented (Fig. 2A). Immunoblotting, 
using antisera against the C-terminus of firefly luciferase con-
firmed the expression of the CML–luciferase fusion constructs 
in planta (Supplementary Fig. S3). A representative full-leaf 
image of an SL assay testing interaction of ATM1 with CaM, 
CML13, CML14, and CML42 is presented in Supplementary 
Fig. S4 and emphasizes the variability of the SL system as the 
level of bacterial infiltration, Agrobacterium infection efficiency, 
and transient protein expression are all aspects that cannot be 
controlled (Bashandy et al., 2015). Although common in the 
literature, empty vectors do not make suitable negative con-
trols in the SL system. As such, we assigned CML42 a value 
of 1.0 as our base-level (negative) control, indicative of non-
specific, background luciferase activity in the SL assay based 
on our previous study which indicated that CML42 does not 
associate with IQ domains (Teresinski et al., 2023). In pair-
wise tests, we observed the interaction of CaM with all four 
myosin VIII isoforms at a level ~3- to 4-fold (note log scale) 
above CML42 controls (Fig. 2B–E), consistent with reports 
that CaM is an MLC in plants (Ma and Yen, 1989; Yokota and 
Shimmen, 1994; Haraguchi et al., 2014, 2018). CML24 gave 
weaker signals, ~2-fold above background, with ATM1, VIII-A, 
and ATM2, but did not interact with VIII-B (Fig. 2B–E). By 
comparison, CML13 and CML14 showed interaction signals 
with ATM2 and VIII-B of ~3- to 5-fold above controls, similar 
to those for CaM, but displayed markedly stronger signals with 
ATM1 and VIII-A, at levels ~35- and 200-fold, respectively, 
above CML42 controls (Fig. 2B–E). These observations cor-
roborate a previous report of CML24 as a putative interactor 
of ATM1 (Abu-Abied et al., 2006) and demonstrate that CaM, 
CML13, and CML14 are able to bind to myosin VIIIs in planta.

We further explored the specificity of the myosin VIII/
MLC interaction by testing the neck region of all four my-
osin VIIIs with representative isoforms from each of the nine 
CML subfamilies in Arabidopsis (CML6, 8, 13, 14, 15, 19, 24, 
35, and 38, with CML42 as a negative control) (Fig. 2B–E). 

Only CaM, CML13, CML14, and CML24 showed significant 
signals relative to CML42 controls. CML13 and CML14 typi-
cally gave the strongest signals in these protein interaction tests. 
Taken together, these data indicate a clear specificity among 
the Arabidopsis CML family for interaction with myosin VIIIs, 
with CaM, CML13, CML14, and CML24 representing candi-
date MLCs.

CML13 and CML14 co-localize to the plasma 
membrane with class VIII myosins

To further test whether CML13, CML14, and CaM can in-
teract with the IQ domain of myosin VIIIs within cells, FRET-
FLIM analyses were performed (Fig. 3). We used RFP fused to 
truncated myosin VIIIs that included the neck and tail region 
because the subcellular localization of these RFP–myosins has 
been previously reported (Golomb et al., 2008; Bar-Sinai et al., 
2022). GFP–CaM or GFP–CML constructs were transiently 
overexpressed in the presence or absence of RFP–myosin fusion 
constructs in N. benthamiana (Fig. 3). When expressed alone, we 
observed the localization of CML13 and CML14 to the cyto-
plasm, whereas myosin VIIIs localized to discrete puncta at the 
plasma membrane, consistent with previous reports (Golomb 
et al., 2008; Teresinski et al., 2023). Interestingly, when GFP–
CMLs and RFP–myosins were co-expressed, CML13 and 
CML14 distinctly altered their localization and were recruited 
to the punctate structures at the plasma membrane populated 
by the RFP–myosin fusion proteins (Fig. 3A, B) (Kumari et al., 
2021). CaM, however, showed variable co-localization with 
myosin VIIIs, mainly co-localizing with ATM2 and to a lesser 
extent the other myosin VIII isoforms (Fig. 3C). To consoli-
date the interaction, we analyzed the fluorescence lifetime of 
GFP fused to CML13, CML14, or CaM and performed FRET-
FLIM analysis (Fig. 3D, E; Supplementary Fig. S5). The fluores-
cence lifetime of GFP experienced a significant reduction upon 
fusion with CML13 or CML14 in the presence of RFP fused to 
all four myosins VIII isoforms. Conversely, GFP fused to CaM 
showed only a slight decrease in its lifetime, and this occurred 
only in the presence of RFP–ATM2. The highest FRET effi-
ciency was observed between CML13 and ATM1, suggesting a 
relatively strong association as detected by this method.

Class VIII myosin IQ motifs have different specificities 
for CML13, CML14, and CaM

As CaM, CML13, and CML14 gave the strongest interaction 
signals in the SL system, we explored whether they exhibit 
specificity for distinct IQ domains within a given myosin. 
ATM1 and ATM2 were chosen as representatives among the 
two class VIII subgroups (Fig. 1C), and their neck domains 
were sequentially truncated and tested in SL assays for in-
teraction with CaM, CML13, and CML14. Data were again 
expressed relative to CML42 as the negative control. Myosin 
IQ motif pairs, which have been speculated to facilitate 

http://academic.oup.com/jxb/article-lookup/doi/10.1093/jxb/erae031#supplementary-data
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cooperative MLC interactions in other myosins (Terrak et al., 
2005; Powell et al., 2017), as well as single IQ motifs were 
tested for interaction with the putative MLCs. For ATM1, the 
IQ pairs ATM1-IQ1 + 2 and ATM1-IQ3 + 4, and the single 
IQ domains ATM1-IQ3 and ATM1-IQ4, bound to CML13, 
CML14, and CaM (Fig. 4A). ATM1-IQ1 gave the strongest 
signal with CaM in the SL assays, suggesting a possible pref-
erence for CaM over CML13 and CML14. In contrast to 
ATM1-IQ1, ATM1-IQ2 when tested alone showed a statisti-
cally significant interaction exclusively with CML13 (Fig. 4A).

Interestingly, for ATM2 binding assays, ATM2-IQ1 + 2 
interacted with CML13 and CML14 but not with CaM 

(Fig. 4B). We did not test the combination of ATM2-IQ2 + 3 
as these IQ domains are not arranged in close proximity and 
are thus not classified as a pair (Fig. 1A). Delineation of 
the individual IQ domains of ATM2 revealed that CML13 
and CML14, but not CaM, interacted significantly with 
ATM2-IQ2, whereas the ATM2-IQ1 domain alone did not 
associate with any of the putative MLCs tested (Fig. 4B). 
ATM2-IQ3 bound to each of CaM, CML13, or CML14. 
In general, the delineation analysis of IQ domains within the 
neck regions of ATM1 and ATM2 strongly suggests spec-
ificity for different MLCs among some of the myosin VIII 
IQ motifs.

Fig. 2. Split-luciferase protein interaction of Arabidopsis CMLs with the neck region of class VIII myosins in planta. N. benthamiana leaves were infiltrated 
with Agrobacterium harboring respective NLuc–prey (myosin VIII neck regions) and CLuc–bait (CaM, CMLs) vectors and tested for luciferase activity 
4 d after inoculation, as described in the Materials and methods. (A) Schematic representation of myosin VIIIs showing the relative positions of myosin 
domains. In planta analysis of various CMLs with the neck regions of myosin (B) ATM1 (residues 848–943), (C) ATM2 (residues 878–967), (D) VIII-A 
(residues 828–930), and (E) VIII-B (residues 834–913), respectively. Split-luciferase data are expressed as a fold difference relative to the RLU signal (log10 
scale) observed using the negative control bait CML42 which was set to an RLU of 1.0. Boxes contain each data point for six technical replicates, means 
are shown by a horizontal bar, the gray region is the 95% confidence interval, and whiskers extend to maximum and minimum data points. Asterisks 
indicate a significantly higher signal versus CLuc–CML42 as a negative control bait (one-way ANOVA against CML42 with Sidak’s test for multiple 
comparisons, P-value <0.05). Data are representative of at least three independent experiments. RLU, relative light units.



2320 | Symonds et al.

Most myosin VIII multi-IQ motifs have calcium-
insensitive interactions with MLCs

We tested the effects of Ca2+ on the binding of putative MLCs 
to ATM1 and ATM2 using in vitro protein interaction overlay 

assays (Supplementary Fig. S6; Fig. 5). As previously reported 
for other myosins, we observed poor solubility of recombinant 
fusion proteins that contained multiple IQ domains, and thus 
used myosin fusion proteins solubilized in urea to test binding 
to the full neck regions of ATM1 and ATM2 (Teresinski et al., 

Fig. 3. FRET-FLIM analysis of myosin VIII IQ-tail fragments with CML13, CML14, and CAM. RFP–ATM1IQ-tail, RFP–ATM2 IQ-tail, RFP–VIII-A IQ-tail, or RFP–
VIIIB IQ-tail were transiently expressed in N. benthamiana leaves with (A) GFP–CML13, (B) GFP–CML14, or (C) GFP–CaM. (D) Fluorescence lifetime. (E) 
FRET efficiency. Microscopy was performed 48 h after agro-infiltration using a Leica SP8 confocal microscope or Leica Stellaris 8 with a white laser 
and Falcon application. Statistical analysis was by one-way ANOVA, **P<0.01, *** P<0.001, ****P<0.0001. All microscopy images are at the same 
magnification as indicated in panel A.
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2023). Shorter regions of the neck domains were soluble as fu-
sion proteins or synthetic peptides. We spotted 200 ng of pure 
myosin fusion proteins onto nitrocellulose and probed these 
for interaction with fluorescently labeled CaM, CML13, or 
CML14 at a final concentration of 200 nM in the presence of 
excess Ca2+ or EGTA (apo-CaM/CML). Coomassie-stained 
blots in the uppermost panels of Supplementary Fig. S6 in-
dicate equivalent protein loading in all overlay assays. We 
did not observe the binding of any of these labeled proteins 
to a negative control, GB1, which was used as a fusion pro-
tein (pET28b-GB1; Fig. 5; Supplementary Fig. S6). Each of 
these putative MLCs interacted with the paired IQ domains 
of ATM1 and ATM2 independently of Ca2+, although the 
signals in some cases were notably stronger when Ca2+ was 
present in the binding assays, such as His-GB1-ATM1 and 
GST–ATM1-IQ1 + 2 with CML14, and CaM with GST–
ATM1-IQ3 + 4 (Fig. 5). However, we did observe some 
exceptions to this pattern. For example, the fluorescent signal 
of CML14 interaction with the full neck region of ATM2 
was not significantly different in either the presence or the 
absence of Ca2+. Interestingly, in contrast to our observations 
with the in planta SL assay (Fig. 4), CaM interacted with the 

ATM2-IQ1 + 2 peptide in overlay assays. Whether this reflects 
a difference in cellular versus in vitro conditions is unclear at 
this point. As an additional control, we fluorescently labeled 
CML42 and tested its interaction with the full neck region of 
ATM1 and ATM2. We observed a faint but discernible signal 
only for CML42 with ATM2 under Ca2+ conditions, and these 
signals were notably weaker than those observed using CaM, 
CML13, or CML14 with ATM2, validating our use of CML42 
as a negative control (Supplementary Fig. S6).

As an additional test of in vitro interaction, we labeled CaM, 
CML13, and CML14 with dansyl chloride and examined their 
binding in solution to synthetic peptides corresponding to the 
single IQ domains, ATM1-IQ1 or ATM2-IQ1. The fluores-
cence spectra of D-CaM, D-CML13, and D-CML14 in the 
presence or absence of ATM1-IQ1 and ATM2-IQ1 peptides 
under Ca2+ versus EGTA conditions are shown in Fig. 6. In 
agreement with our in planta SL and in vitro overlay assays, 
ATM1-IQ1 associated with CML13, CML14, and CaM in 
both the presence and absence of Ca2+, as seen by the blue 
peak shift and increase in fluorescence intensity in the emission 
spectra (Fig. 6A). Interestingly, for ATM2-IQ1, a change in the 
spectrum of D-CaM was observed in the presence of 1 mM 
CaCl2 but not in EGTA, and the presence of ATM2-IQ1 did 
not alter the spectra of D-CML13 and D-CML14 (Fig. 6B). 
The apparent lack of interaction of CML13 and CML14 with 
ATM2-IQ1 here is consistent with our observations using 
the SL system (Fig. 4B). The effect of Ca2+ versus EGTA was 
most apparent in the case of CaM in the presence of either 
ATM1-IQ1 (Fig. 6E) or ATM2-IQ1 peptide (Fig. 6F), where 
Ca2+ elicited a marked increase in dansyl fluorescence and a 
blue shift of the emission spectrum.

CML13, CML14, and CaM act as MLCs for the motility 
of myosin VIIIs

We generated two constructs to measure the velocities of ATM1 
and ATM2. The ATM1 construct encodes a protein with the 
motor domain and native neck regions (four IQ motifs) of 
ATM1. Similarly, the ATM2 construct encodes the motor do-
main and native neck regions (three IQ motifs) of ATM2. These 
constructs were expressed using a baculovirus system in High 
Five insect cells and purified by affinity chromatography. The 
velocities of ATM1 and ATM2 were measured using an anti-
Myc antibody-based version of the in vitro actin gliding assay 
(Ito et al., 2007). The velocities of ATM1 and ATM2 were tested 
in the presence of CaM, CML13, and CML14 alone or in dif-
ferent combinations of two putative MLCs (Fig. 7A, B). The 
in vitro velocities of ATM1 with any of the single MLCs were 
not statistically different and were comparable with the velocity 
when tested with both CML13 and CML14 together (Fig. 7A). 
However, the combination of CaM and CML13 or CML14 
showed increased motility and the fastest motility was observed 
using the combination of CaM with CML14 (Fig. 7A). In con-
trast, the velocity of ATM2 with either CML13 or CML14 

Fig. 4. Split-luciferase protein interaction of Arabidopsis CaM, CML13, 
and CML14 with single and paired IQ domains of myosin ATM1 and ATM2 
in planta. N. benthamiana leaves were infiltrated with Agrobacterium 
harboring respective NLuc–prey (myosin VIII IQ domains) and CLuc–
bait (CaM, CMLs) vectors, and tested for luciferase activity 4 d later, as 
described in the Materials and methods. (A) Split-luciferase data are 
expressed as a fold increase or decrease relative to the RLU signal (log10 
scale) observed using the negative control bait CML42 which was set to 
an RLU of 1. Boxes contain each data point for six technical replicates, 
means are shown by a horizontal bar, the colored region is the 95% 
confidence interval, and whiskers extend to maximum and minimum data 
points. Asterisks indicate a significantly higher signal versus CLuc–CML42 
as a negative control bait (one-way ANOVA against CML42 with Sidak’s 
test for multiple comparisons, *P<0.05, **P<0.01, ***P<0.001). Data are 
representative of at least three independent experiments. RLU, relative 
light units. Range of residues from each myosin tested were: ATM1 
(894–943), ATM1-IQ1 + 2 (848–905), ATM1-IQ1 (848–879), ATM1-IQ3 + 4 
(890–943), ATM1-IQ3 (890–928), ATM1-IQ4 (916–943), ATM2 (878–967), 
ATM2-IQ1 + 2 (878–949), ATM2-IQ1 (878–911), ATM2-IQ2 (899–949), and 
ATM2-IQ3 (922–967).
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alone was significantly slower compared with assays using CaM 
as the solo MLC. This is consistent with our interaction data 
that suggest that neither CML13 nor CML14 interacts with 
ATM2-IQ1 (Figs 4B, 6B, D, F). Similar to ATM1 assays, the 
motility of ATM2 was fastest when tested using combinations 
of CaM and CML13 or CML14 (Fig. 7B).

The Ca2+ sensitivity of ATM1 and ATM2 was tested using 
CaM and CML13 as representative MLCs under conditions 
of increasing concentrations of free Ca2+ (Fig. 7C, D). ATM1 
displayed reduced motility only at high Ca2+ concentrations 
(i.e. >1 mM), whereas ATM2 activity was inhibited by much 
lower Ca2+ concentrations, with a marked reduction in mo-
tility observed at 30 µM free Ca2+ (Fig. 7D). Taken together, 
our actin motility assays clearly indicate that along with CaM, 
both CML13 and CML14 can function as MLCs.

Dexamethasone-inducible CML13/14 hpRNAi lines 
phenocopy myosin VIII mutants

We previously showed that suppression of CML13 or CML14 
expression results in strong, aberrant phenotypes throughout 
development (Symonds et al., 2023). An earlier report exam-
ined the phenotypes of myosin mutants and found that a my-
osin VIII mutant, atm1, and myosin XI triple mutants (X1-1, 
-2, -K), xi3KO, exhibited reduced hypocotyl elongation rela-
tive to wild-type plants (Olantunji and Kelly, 2020). Thus, we 
compared hypocotyl lengths in our hpCML13 and hpCML14 
RNAi plants with wild-type (WT) and myosin VIII mutants 
under control and 5 μM Dex-treated conditions (Fig. 8). We 
used the quadruple myosin VIII mutant, myosin viii4 (Talts et al., 

2016), and observed a clear reduction in hypocotyl length 
compared with WT plants (Fig. 8). In the absence of Dex, 
hypocotyl length in hpCML13 and hpCML14 RNAi lines 
resembled that of WT seedlings. In contrast, treatment with 
Dex caused a marked reduction in hypocotyl length in these 
hpRNAi lines, resulting in a phenotype comparable with that 
of the myosin viii4KO mutant (Fig. 8). Dex treatment had no 
discernible effect on either WT or myosin viii4KO seedlings.

Discussion

Despite the importance of MLCs for myosin function, rela-
tively little is known about the identity and properties of plant 
MLCs. While previous reports have indicated that CaM prob-
ably functions as an MLC in plants (Yokota and Shimmen, 
1994; Haraguchi et al., 2014), evidence to support specula-
tion that plants also use non-CaM MLCs has been limited 
(Haraguchi et al., 2018). Multiple, independent lines of analysis 
in our study support our hypothesis that Arabidopsis CML13 
and CML14 function as MLCs given that: (i) they bind specif-
ically to all four myosin VIIIs in planta and show some degree 
of preference in binding to different IQ domains (Figs 2, 4); (ii) 
they interact at physiological concentrations (i.e. 200 nM) with 
IQ domains from myosin VIIIs in vitro (Fig. 5; Supplementary 
Fig. S6); (iii) they co-localize with myosin VIIIs when co-
expressed in plant cells (Fig. 3); (iv) they support in vitro myosin 
activity (Fig. 7); and (v) suppression of CML13 or CML14 ex-
pression by RNAi results in an impaired hypocotyl-extension 
phenotype comparable with that of a mutant lacking all four 
myosin VIII isoforms (Fig. 8).

Fig. 5. In vitro protein interaction overlay assays of CaM, CML13, CML14, and CML42 with IQ domains of ATM1 and ATM2. A representative bar graph 
showing the mean ±SD of three technical replicates of each CaM/CML–myosin interaction is shown. The IQ regions of ATM1 and ATM2 were tested as 
His-tagged, His-GB1-tagged, or GST-tagged fusion proteins as indicated above each set of graphs. Triplicate samples (200 ng) of pure, recombinant 
fusion proteins corresponding to the ATM1 or ATM2 full neck region (ATM1, ATM2), paired IQ domains (ATM1-IQ1 + 2, ATM1-IQ3 + 4, ATM2-IQ1 + 2), 
or the isolated IQ domain of ATM2 (ATM2-IQ3) were spotted onto nitrocellulose, blocked with 5% casein in TBST, and incubated with 200 nM CaM, 
CML13, CML14, or CML42, as indicated, each of which was covalently labeled with the infra-red dye, 680RD-NHS as described in the Materials and 
methods. Recombinant GB1 protein (pET28-GB1) was tested as a negative control. Protein–protein interaction was assayed in the presence of 2 mM 
CaCl2 (Ca) or 5 mM EGTA (Apo) and detected using the LI-COR Odyssey-XF infra-red imager. Data are representative of a minimum of three independent 
experiments with three technical replicates each. Data were analyzed using one-way ANOVA with Tukey’s test for multiple comparisons of different CMLs 
for a given myosin fusion protein, where different letters indicate statistical differences (P-values <0.05) between treatments within each graph set. See 
Supplementary Table S2 and Supplementary Fig. S6 for a description of the primary sequence from the neck regions of ATM1 and ATM2 that were 
tested for binding and the dot blot binding assay image, respectively.
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The mutiple IQ domains of a given myosin allow MLCs to 
bind and confer structural integrity and, in some cases, impact 
activity (Heissler and Sellers, 2014). Different MLCs often pos-
sess specificity for distinct IQ domains within a given myosin 
(Heissler and Sellers, 2014). While our data suggest that CaM, 
CML13, and CML14 show preference for distinct IQ domains 
on plant myosin, in general, designations of MLCs as ‘essential’ 
or ‘regulatory’ should be avoided for plant MLCs given that the 
plant-specific myosin VIII and XI families are unconventional 
myosins.

Although the IQ motif is broadly defined according to the 
IQXXXRGXXXR consensus, there is considerable varia-
tion among IQ domains (Bähler and Rhoads, 2002; Vetter and 
Leclerc, 2003). The canonical CaM-binding IQ motif has a 
large hydrophobic residue immediately upstream of the first 
consensus Arg residue and another following the conserved 
Gly and second Arg: IQXXΦRGΦXXRXXΦ, where Φ 
refers to large hydrophobic residues (Houdusse et al., 2006). 
It is noteworthy that the first IQ domain (IQ1) for all four 
Arabidopsis myosin VIII isoforms adheres to this pattern (Fig. 
1A). In contrast, although the IQ2 domains of these myosin 
VIIIs are highly conserved, they possess smaller hydrophobic 
residues (e.g. Val and Ile) preceding the Arg–Gly consensus, 
followed by a Glu (Fig. 1A). Negatively charged residues 
within IQ domains, and other CaM-binding domains, have 

been reported to impede interaction with CaM (Vetter and 
Leclerc, 2003; Slaughter et al., 2005). These notable differences 
in primary sequence suggest that the IQ1 and IQ2 domains 
of Arabidopsis myosin VIIIs may be occupied by non-CaM 
MLCs, consistent with our observations that CML13 and 
CML14 are MLCs. Structurally, how the sequence variation 
among these IQ domains and the peripheral regions impacts 
MLC specificity, binding affinity, and myosin VIII function re-
mains an open question.

Using the SL in planta protein interaction system we observed 
some differences in MLC preference among the IQ motifs of 
ATM1 and ATM2 as representative myosin VIII isoforms (Fig. 
4). Despite the divergence of ATM1-IQ3 from the canonical 
IQ consensus motif, it bound CaM, CML13, and CML14 with 
comparable signal strength (Fig. 4A), indicating that all essential 
residues for interaction with different MLCs are present. Given 
the adherence of ATM1-IQ4, and ATM2-IQ3 to the IQ con-
sensus, it is not surprising that they bound CaM, but these data 
also indicate that CML13 and CML14 can bind to both con-
served and divergent IQ domains (Fig. 4A, B). In contrast, we 
observed specificity of ATM2-IQ2 with CML13 and CML14, 
and of ATM1-IQ2 with CML13 alone (Fig. 4A, B), suggest-
ing that CML13 and CML14 probably act as the specific 
MLCs for these myosins. We speculate that the conserved Glu 
at IQ domain position 8 within the consensus motif of IQ2 

Fig. 6. In vitro interaction of dansyl-CaM, -CML13, or -CML14 with IQ domain synthetic peptides of ATM1-IQ1 and ATM2-IQ1. Dansyl fluorescence 
was measured over an emission wavelength (λ) window from 400 nm to 600 nm or 650 nm and an excitation wavelength of 360 nm. Samples of 3 µM 
dansyl-CML13, dansyl-CML14, or using 600 nM dansyl-CaM, were separately tested for fluorescence alone, or in the presence (A, C, E, respectively) of 
ATM1-IQ1 or (B, D, E, respectively) ATM2-IQ1 peptide under conditions of Ca2+ (left panels) or EGTA (right panels). Peptide concentrations were used at 
a 10-fold molar excess. Spectra were collected for dansyl-CaM and dansyl-CMLs in the presence or absence of IQ peptides as indicated. The intensity 
was measured in arbitrary relative fluorescence units (RFU). The fluorescence traces are the mean ±SD of three independent experiments performed in 
triplicate.
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in myosin VIIIs may decrease CaM affinity without impacting 
CML13/14-IQ interaction. Furthermore, the specificity dif-
ferences between ATM1-IQ2 and ATM2-IQ2 may result from 
the Lys/Arg residues at position 9 and/or the Glu/Leu residues 
at position 13, respectively (Houdusse et al., 2006). However, 
analysis of solved structures will be needed in the future to 
fully elucidate the binding properties of IQ/CML complexes.

Collectively, our study indicates that CaM, CML13, and 
CML14 interact with myosin VIII IQ domains, but our data 
from in planta and in vitro assays did not align in all cases, a phe-
nomenon previously reported for CaM binding to IQ domains 
in plant proteins (Bürstenbinder et al., 2013). For example, 

ATM2-IQ1 did not interact with any of the MLCs tested in 
the SL assay (Fig. 4B), whereas CaM showed strong interac-
tion with GST–ATM2-IQ1 + 2 and an ATM2-IQ1 synthetic 
peptide in vitro as judged by overlay assays (Fig. 5) or D-CaM 
binding spectrophotometry (Fig. 6), respectively. These differ-
ences may reflect the cellular conditions of the SL system or 
the simplicity of the in vitro assays where there is an absence 
of CaM/CML binding competitors. Regardless, as CaM alone 
was able to support ATM2 motility to a greater level than ei-
ther CML13 or CML14 alone (Fig. 7), this represents strong 
evidence that it can serve as an MLC for ATM2. We are una-
ware of any previous in vitro studies on the motility of ATM2 

Fig. 7. Actin sliding assays indicate that CaM, CML13, and CML14 can function as light chains for ATM1 and ATM2. (A) Actin sliding velocity of ATM1 
in the presence of CaM, CML13, and CML14 alone or in different combinations of two putative MLCs. The concentrations used for CaM, CML13, 
and CML14 were 10, 30, and 30 µM, respectively. (B) Actin sliding velocity of ATM2 in the presence of CaM, CML13, and CML14 alone or in different 
combinations of two putative MLCs. The concentrations used for CaM, CML13, and CML14 were each 30 µM. (C) The Ca2+ sensitivity of ATM1 in the 
presence of CaM and CML13. The concentrations used for CaM and CML13 were 10 µM and 30 µM, respectively. (D) The Ca2+ sensitivity of ATM2 in the 
presence of CaM and CML13. The concentrations used for CaM and CML13 were 10 µM and 30 µM, respectively. Motility values are the mean ±SD and 
were determined by measuring the displacements of actin filaments that were smoothly moving for distances >10 μm as described in the Materials and 
methods.
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or the identity of its MLCs. Thus, when considered together 
with our binding and motility data (Figs 5–7), the collective 
evidence suggests that CaM is likely to be an MLC for ATM1, 
ATM2, and myosin VIIIs in general.

It is also interesting that we observed weak signals for 
ATM1-IQ2 interaction with each of the MLCs tested using 
the in planta SL system, with only CML13 emerging as a pu-
tative interactor (Fig. 4). Despite this, in vitro motility of ATM1 
was supported by a combination of CaM and either CML13 or 
CML14 (Fig. 7A). In actin sliding (motility) assays, it is thought 
that all IQ domains need to be occupied for smooth actin 
movement (Haraguchi et al., 2018). Given that we observed 
such smooth ATM1 activity with CaM and CML14 even 
in the absence of CML13, this suggests that they can func-
tion as MLCs at ATM1-IQ2, at least under in vitro conditions. 
However, as CML13, but not CML14 or CaM, interacted with 
ATM1-IQ2 in the in planta SL interaction assays (Fig. 4), this 
suggests that CML13 might be the preferred MLC in vivo. 
We used the well-established High Five insect cell expression 
system (Vaughn et al., 1977; Haraguchi et al., 2014) to pre-
pare myosin for activity assays, and one caveat of this method 
is that other proteins, including conserved CaM, might co-
purify with myosin preparations. However, SDS–PAGE anal-
ysis indicated that our recombinant ATM1 and ATM2 samples 
were very pure and free of contamination by native CaM or 
other proteins (Supplementary Fig. S7). Moreover, as CMLs 

are unique to plants, and their presence increased ATM1 and 
ATM2 in vitro activity, our data suggest that High Five cells do 
not possess proteins that can substitute for CML13 or CML14 
as MLCs (Haraguchi et al., 2018).

We also corroborated earlier work that suggested that CML24 
is a putative interactor with some myosin VIII isoforms (Abu-
Abied et al., 2006). The fact that cml24 point mutants display 
actin and cortical microtubule defects led to speculation that 
CML24 may interact with myosins during mechanical stress to 
aid in the organization of the cytoskeleton (Abu-Abied et al., 
2006; Wang et al., 2011). Although we showed the in planta 
interactions of CML24 with the neck domains of several my-
osin VIII isoforms (Fig. 2C), it generally exhibited weaker SL 
signals than CaM, CML13, or CML14. Thus, we restricted our 
co-localization, in vitro binding, and myosin motility assays to 
the latter group. As such, further studies will be needed to assess 
whether CML24 serves as a bona fide MLC.

Myosin VIIIs have been suggested to function in the organi-
zation of the cytoskeleton at the plasma membrane (Golomb 
et al., 2008; Bar-Sinai et al., 2022). The punctate localization 
pattern that we observed (Fig. 3) using myosin VIIIs com-
prised of neck and tail regions is consistent with earlier studies 
and is thought to reflect the location of myosin VIII cargo to 
which the tail domains bind (Golomb et al., 2008; Haraguchi 
et al 2014). Our FRET-FLIM and co-localization data indi-
cate that myosin VIIIs recruit CML13 and CML14 as MLCs 

Fig. 8. Hypocotyl lengths of Col-0, myosin viii4KO, and Dex-inducible CML13,14 hpRNAi lines. Seeds were sown onto 0.5× MS agar plates with 
(treatment) or without (control) 5 µM Dex and cold stratified in the dark at 4 °C for 48 h. Plates were then moved to the growth chamber, still in the dark, 
and the hypocotyls were allowed to elongate for 5 d before imaging (A) and measuring the hypocotyl lengths with ImageJ (B). Boxes show the mean ±SD 
of each line on each of the control or treatment plates, whiskers portray the range of the data acquired, and each point is a single biological replicate 
(one-way ANOVA with Tukey’s test for multiple comparisons, with 20–45 biological replicates, *P<0.05, **P<0.01, ***P<0.001, ****P<0.0001). White bar 
in (A)=1 cm, and all images are of the same magnification.
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to the plasma membrane as components of the acto-myosin 
cytoskeleton (Fig. 3). Myosin VIII-A and VIII-B typically dis-
played a more diffuse localization compared with ATM1 and 
ATM2, consistent with previous reports (Avisar et al. 2009). 
Interestingly, FRET-FLIM suggested that while CML13 and 
CML14 bind better to ATM1 and VIIIA than to ATM2 and 
VIIIB, the preference of CaM binding was to ATM2.  Although 
we did not test all 50 Arabidopsis CMLs, our SL analysis indi-
cates clear specificity among the CML family for myosin VIII 
interaction (Fig. 2). However, this does not exclude the pos-
sibility that other CMLs or non-CML proteins might also 
function as MLCs. Although a weak ATM1–CaM binding 
was demonstrated by FRET-FLIM, our SL analyses, in vitro 
binding assays, and motility tests all demonstrate that CaM can 
function as an MLC with ATM1, supporting a previous report 
(Haraguchi et al., 2014).

Myosin VIIIs associate with the actin network and localize 
to plasma membranes, plasmodesmata, endosomes, and other 
internal structures, suggesting a breadth of roles within cells 
(Golomb et al., 2008; Haraguchi et al., 2014; Nebenführ and 
Dixit, 2018; Bar-Sinai et al., 2022). However, insight into their 
functions has been hindered by an apparent genetic redundancy. 
Although no obvious phenotype was initially observed in an 
Arabidopsis mutant lacking all four myosin VIIIs (Talts et al., 
2016), a subsequent study reported a subtle phenotype for atm1 
single knockouts, a reduced hypocotyl elongation that was re-
coverable by sucrose supplementation (Olatunji and Kelley, 
2020). We performed similar assays using the quadruple myosin 
VIII knockout (myosin viii4KO) and observed an even stronger 
suppression of hypocotyl extension in comparison with WT 
plants than reported for the single atm1 KO, supporting a role 
for myosin VIIIs in hypocotyl growth (Fig. 8). Given that our 
hpCML13 and hpCML14 RNAi plants showed a phenotype 
comparable with the viii4KO mutant only when treated with 
Dex, we speculate that CML13 and CML14 participate in 
myosin VIII function during hypocotyl elongation. Recently, 
ATM1 was also implicated in root apical meristem organiza-
tion (Olatunji et al., 2023), and myosin VIIIs were reported to 
function in Agrobacterial transformation of Arabidopsis cells (Liu 
et al., 2023, Preprint). The use of Physcomitrella patens as a model 
demonstrated that the loss of all five myosin VIIIs resulted in a 
pleiotropic phenotype that included reduced size and growth 
rate of gametophytes, suggesting roles in cell expansion and 
hormone homeostasis (Wu et al., 2011). Thus, going forward, 
further exploration of correlative phenotypes between CML 
and myosin mutants is warranted.

In general, our data provide strong evidence that CaM, 
CML13, and CML14 are bona fide Arabidopsis MLCs. The 
importance of Ca2+ in this interaction is unclear and may vary 
depending on cellular conditions. While we observed reduced 
motility in both ATM1 and ATM2 assays in the presence of 
CaM and CML13 at high Ca2+ levels (Fig. 7C, D), we did 
not test CML14 across a range of Ca2+ concentrations, and 
thus it remains possible that the response to Ca2+ may vary 

among light chains. In the yeast or mammalian class V myosin 
model, CaM is thought to be the MLC responsible for the 
Ca2+ regulation of the myosin V holoenzyme by dissociating 
from IQ2 in the presence of Ca2+ (Batters and Veigel, 2016). 
However, the physiological relevance of this Ca2+-induced dis-
sociation remains unclear given that under in vitro conditions 
levels of ≥100 µM Ca2+ are often required to dissociate CaM 
from the IQ domains (Yokata et al., 1999; Manceva et al., 2007). 
Indeed it has been speculated that the myosin V paradigm is 
not applicable to plant myosins (Batters and Veigel, 2016). The 
in vivo picture is thus likely to be quite complex, and the role of 
Ca2+ may vary among MLCs and specific IQ domains within 
a given myosin. As CML13 and CML14 are mainly Ca2+ in-
sensitive (Vallone et al., 2016; Teresinski et al., 2023), one pos-
sibility is that a conformational change or an increase in the 
rate of dissociation of Ca2+–CaM at IQ1 regulates Ca2+ sen-
sitivity as has been reported previously for myosin Va and Ic, 
respectively (Manceva et al., 2007; Shen et al., 2016). Our in 
vitro binding data (Fig. 6E, F), showing a Ca2+-induced con-
formational change in CaM when bound to ATM1-IQ1 and 
ATM2-IQ1, are consistent with this speculation. An alternative 
hypothesis considers the impact of competition for CaM be-
tween myosins and other CaM-binding proteins under condi-
tions of elevated Ca2+. CML13, CML14, and possibly other 
MLCs may occupy some IQ domains of plant myosins and 
afford them structural stability when Ca2+ levels rise in re-
sponse to stimuli and free CaM levels are limiting due to CaM 
interaction with various targets.

Our discovery of CML13/14 as novel MLCs may explain 
why several Arabidopsis myosin XI isoforms lacked motility 
when tested with CaM as the sole MLC (Haraguchi et al., 2018). 
A working model of CaM, CML13, and CML14 as MLCs is 
presented in Fig. 9. Our motility assays indicate that both CaM 
and another MLC such as CML13 or CML14 are required for 
maximal activity. Split-luciferase in planta and D-CaM/CML 
in vitro binding assays point to a preference for CaM at the first 
IQ position and CML13 or CML14 at the second IQ position. 
We did not observe a clear binding preference at the third IQ 
position. It will be important in future studies to see if binding 
specificity extends to in vivo associations and whether condi-
tions, such as biotic or abiotic stress, impact the interaction of 
CaM/CML with particular IQ domains.

A major challenge in elucidating specific roles for CML13 
and CML14 concerns their potential number of targets, in-
cluding CAMTAs, IQD proteins, and myosins (Teresinski 
et al., 2023). In Arabidopsis, these putative targets represent 56 
different proteins, each with multiple IQ domains, and thus, 
like CaM, the number and variety of cellular processes that 
CML13/14 may participate in is expansive. Both CML13 and 
CML14 are important in plant growth throughout develop-
ment, as suppression of either leads to a pleiotropic phenotype 
(Symonds et al., 2023). Moreover, CML13 and CML14 func-
tion in abiotic stress responses, and a recent report found that 
cml13 mutants exhibit enhanced germination under salinity 
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stress (Hau et al., 2023). Assessing which of these physiological 
events are due to CML13/14 operating as MLCs should be an 
area of future exploration.

Speculation about the presence of non-CaM MLCs in plants 
was raised several decades ago but, to our knowledge, the pre-
sent study is the first to empirically demonstrate that specific 
CMLs can function as MLCs (Vahey et al., 1982; Ma and Yen, 
1989). The identification of CML13 and CML14 as novel 
MLCs should help accelerate myosin research. Among the key, 
unresolved questions to be addressed are whether CML13/14 
function as class XI MLCs, how the specificity of CaM or 
CML-IQ interaction is achieved, and whether the phosphoryl-
ation of CML13 and CML14 impacts myosin activity/function.
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