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Abstract

The unconventional myosin 16 (Myo16), which may have a role in regulation of cell cycle and 

cell proliferation, can be found in both the nucleus and the cytoplasm. It has a unique, eight 

ankyrin repeat containing pre-motor domain, the so-called ankyrin domain (My16Ank). Ankyrin 

repeats are present in several other proteins, e.g., in the regulatory subunit (MYPT1) of the myosin 

phosphatase holoenzyme, which binds to the protein phosphatase-1 catalytic subunit (PP1c). 

My16Ank shows sequence similarity to MYPT1. In this work, the interactions of recombinant 

and isolated My16Ank were examined in vitro. To test the effects of My16Ank on myosin motor 

function, we used skeletal muscle myosin or nonmuscle myosin 2B. The results showed that 

My16Ank bound to skeletal muscle myosin (KD ≈ 2.4 μM) and the actin-activated ATPase activity 

of heavy meromyosin (HMM) was increased in the presence of My16Ank, suggesting that the 

ankyrin domain can modulate myosin motor activity. My16Ank showed no direct interaction with 

either globular or filamentous actin. We found, using a surface plasmon resonance-based binding 

technique, that My16Ank bound to PP1cα (KD ≈ 540 nM) and also to PP1cδ (KD ≈ 600 nM) 

and decreased its phosphatase activity towards the phosphorylated myosin regulatory light chain. 

Our results suggest that one function of the ankyrin domain is probably to regulate the function of 

Myo16. It may influence the motor activity, and in complex with the PP1c isoforms, it can play 

an important role in the targeted dephosphorylation of certain, as yet unidentified, intracellular 

proteins.
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Introduction

Myosins are a large and diverse superfamily of actin-based motor proteins, which play 

crucial roles in a wide variety of cellular processes (Schliwa and Woehlke 2003; Odronitz 

and Kollmar 2007). Myosins are expressed in all eukaryotic organisms, from amoebae and 

yeasts to mammals and higher plants (Berg et al. 2001; Redowicz 2007). In 2001, a novel 

unconventional myosin was identified by Patel et al. (2001), having no homology with any 

other previously described myosin, except the conserved motor domain sequence. At first, 

the new myosin was denoted myr 8a (eighth unconventional myosin from rat) and later 

designated as a new class: myosin XVI.

Myo16 has two splicing variants. The shorter, cytoplasmic isoform is Myo16a. The longer 

isoform, denoted as Myo16b, is the predominant isoform of class XVI myosins and has an 

additional 590-amino-acid extension on its C-terminus. This extension contains a sequence 

element responsible for nuclear localization (Cameron et al. 2007). Myo16b is expressed 

mostly in brain and in some peripheral neuronal tissues. In rat, where it was first described, 

it is expressed during 1–2 postnatal weeks and coincides with ongoing neuronal cell 

migration, axonal process extension, and dendritic elaboration (Patel et al. 2001).

Only limited information is available regarding the function and binding partners of 

Myo16b. It co-localizes with proliferating cell nuclear antigen (PCNA) and cyclin A 

(Cameron et al. 2007). PCNA is involved in numerous important nuclear functions, e.g., 

DNA replication, cell cycle control, and chromatin remodeling (Jónsson and Hübscher 

1997). PCNA is recruited in the S phase in association with cyclin A, which also takes part 

in DNA replication (Ohno et al. 1996). Overexpression of Myo16b increases the number 

of cells that remain in S phase and delays progression towards G2 phase (Cameron et 

al. 2007), thus Myo16b could be involved in cell proliferation and cell cycle progression. 

Sequence analysis showed that class XVI myosins have a motor domain, a short neck region 

containing one IQ motif, a long and mostly disordered tail domain (in Myo16b isoform), 

and a ~400-aminoacid-long N-terminal extension (Fig. 1a). The majority of myosins start 

with the motor domain on the N-terminus of the protein, but a few classes (III, IX, XII, XV, 

and XVI) contain a pre-motor extension (Sebé-Pedrós et al. 2014). There are no structural 

or sequence homologies among these extensions, and each may have a unique function; For 

example, the N-terminal extension or insertion in myosin IX may play an anchoring role in 

allowing this myosin to move processively as a single molecule (Xie 2010). Alternatively, 

the N-terminal extension can be a key element in protein–protein interactions, e.g., the PDZ 

domain in myosin XV (Furusawa et al. 2000), in signal transduction (Bähler et al. 1994) or 

in phosphorylation, like the kinase domain in myosin III (Kempler et al. 2007).

The N-terminal extension in class XVI myosins, the so-called ankyrin domain (My16Ank), 

differs from any previously described pre-motor domain. It contains several known sequence 

elements: the myosin phosphatase N-terminal element (MyPhoNE), the KVxF consensus 
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motif for PP1c binding, eight highly conserved ankyrin repeats, and a protein kinase C 

phosphorylation site (Fig. 1a). Ankyrin repeats are common conserved motifs, responsible 

for various protein–protein interactions (Li et al. 2006). It was recently shown that ankyrin 

repeats play a key role in nuclear import (Lu et al. 2014), but Myo16b uses neither 

the importin-mediated pathway through its nuclear localization signals, nor the ankyrin­

mediated importin-independent pathway to enter the nucleus (Cameron et al. 2007).

My16Ank shows high similarity to the N-terminal structure of the large targeting 

subunit (MYPT) of myosin phosphatase, a heterotrimer holoenzyme responsible for 

dephosphorylation of the phosphorylated myosin regulatory light chain, which is essential 

for relaxation of smooth muscle (Ito et al. 2004). Myosin phosphatase consists of the 38-kDa 

catalytic subunit (PP1c), the 110-kDa large targeting subunit (MYPT), and a small, 20-kDa 

regulatory subunit (Hartshorne et al. 1998). Co-immunoprecipitation studies have shown, 

as predicted from the N-terminal sequences, that PP1cα and PP1cγ bind Myo16 (Patel et 

al. 2001). The PP1c catalytic subunit is expressed from three genes: PP1cα, PP1cγ, and 

PP1cδ (also called PP1cβ). These isoforms differ in their N- and C-terminal sequences (Ito 

et al. 2004). Inside the cell, each PP1c isoform has a preferred localization: PP1cδ could 

be found in myofibrils in complex with MYPT1 responsible for MLC20 dephosphorylation 

and also in focal adhesions, but with a different targeting subunit. PP1cα localizes to stress 

fibers with MYPT1 (Murata et al. 1997). Despite the few PP1c types within the cell, 

dephosphorylation is a very specific and well-regulated process. The target specificity of 

the catalytic subunit is regulated through the large targeting subunit. The targeting (or also 

called regulatory) subunit binds PP1c on its canonical binding site and binds a substrate 

protein at the same time, bringing the enzyme and substrate in close proximity. The presence 

of the targeting subunit enhances enzyme activity towards the specific substrate by several 

orders of magnitude (Grassie et al. 2011).

In this work, our aim was to elucidate the biological function of the ankyrin domain of 

Myo16b. We found that this domain binds to skeletal myosin and also to nonmuscle Myo2B 

HMM, and modifies the ATPase activity of the motor domains. It also interacts with PP1c α 
and δ isoforms in vitro through tight binding and influences the phosphatase activity.

Materials and methods

Protein expression and purification

The DNA sequence of the Myo16b ankyrin domain (My16Ank) (Gene Bank Accession 

Number 192253, Rattus norvegicus, amino acid residues 1–402) was optimized for 

Escherichia coli expression and cloned into pGS21a plasmid by GenScript (Piscataway, 

NJ, USA). For easier purification, the recombinant My16Ank sequence was recloned into 

pGEX-6P-1 expression plasmid between EcoRI and SalI restriction sites with a primer 

containing the tobacco etch virus (TEV) protease recognition pattern. The pGEX-6P-1 

plasmid containing the DNA of the glutathione S-transferase (GST)–My16Ank fusion 

protein was transformed into E. coli ER25.66 competent cell line, and the cells were 

grown at 37 °C in Luria broth medium containing 1 μg/ml ampicillin until OD600 0.5. 

Then, the cell culture was rapidly cooled down, and overnight expression at 16 °C was 

induced with 0.1 mM isopropyl-β-D-thiogalactopyranoside (IPTG). After ~20 h expression, 
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the cells were harvested and the cell pellet was frozen in liquid nitrogen until further 

use. All procedures were performed at 4 °C. The cell pellet was extracted in lysis buffer 

[phosphate-buffered saline (PBS), 300 mM NaCl, 1 mM dithiothreitol (DTT), 0.2 mM 

phenylmethylsulfonyl fluoride (PMSF), 1 % Triton X-100]. After homogenization and 

sonication, 20 μg/ml DNase was added and stirred gently for 2 h. The cellular debris was 

removed by ultracentrifugation at 12,000g for 20 min, and the supernatant was incubated 

with GST-affinity resin (~5 ml resin for 1000 ml cell culture) in the presence of 5 mM DTT 

for 3 h. Then, the resin was loaded into a column and washed with PBS buffer containing 1 

mM DTT and 0.2 mM PMSF. GST-My16Ank was eluted with 10 mM glutathione (GSH), 

and the GST-tag was then cleaved by overnight TEV protease digestion (Phan et al. 2002). 

My16Ank was separated from free GST and TEV protease by Q-Sepharose anionexchange 

chromatography with an increasing potassium–chloride gradient, using BioRad fast protein 

liquid chromatography (FPLC). Finally, the peak fractions were dialyzed against HMM 

buffer [10 mM 3-(N-morpholino)propanesulfonic acid (MOPS, pH 7.4), 0.1 mM ethylene 

glycol tetraacetic acid (EGTA), 1 mM DTT], concentrated, and stored on ice. Actin, 

full-length skeletal muscle myosin II (skMyo2), and heavy meromyosin (skHMM) were 

purified from rabbit musculus psoas and musculus longissimus dorsi with the methods 

described earlier (Feuer et al. 1948; Margossian and Lowey 1982). Recombinant nonmuscle 

myosin 2B HMM (NM2B HMM) was expressed in Baculovirus/Sf9 system and purified as 

described earlier (Nagy et al. 2013). Recombinant His-tagged PP1cδ (Toth et al. 2000) and 

Flag-PP1cα (Hirschi et al. 2011) were expressed in E. coli, and after renaturation (Berndt 

and Cohen 1990) they were purified as described in the respective references.

Steady-state ATPase activity

Steady-state ATPase activities were measured at various actin concentrations by a 

nicotinamide adenine dinucleotide (NADH)-coupled assay at 22 °C in a low-ionic-strength 

buffer (Wang et al. 2003). Experimental conditions were for skHMM: 20 mM MOPS (pH 

7.0), 50 mM KCl, 10 mM MgCl2, 0.5 mM EGTA; for NM2B HMM: 10 mM MOPS 

(pH 7.0), 50 mM KCl, 2 mM MgCl2, 0.3 mM CaCl2, 0.15 mM EGTA. Both reactions 

contained also 2 mM ATP, 40 U/ml lactate dehydrogenase, 200 U/ml pyruvate kinase, 1 

mM phosphoenolpyruvate, 200 μM NADH. NM2B HMM was prephosphorylated with 10 

nM MLCK in the presence of 0.1 μM calmodulin, 0.2 mM CaCl2, and 0.2 mM ATP at 

room temperature for 15 min (Nagy et al. 2013). The decrease of the NADH absorption 

correlates with the amount of ATP hydrolyzed in one motor domain. The ATP hydrolysis 

rate is calculated from the slope of the OD340 absorption curve divided by the 6,220 M−1 

cm−1 extinction coefficient and the HMM concentration. Data were collected with a Jasco 

or with a Cary 4000 UV–Vis spectrophotometer and analyzed with the Origin statistical 

program.

Cosedimentation

In actin–My16Ank cosedimentation assay, 1 μM filamentous actin was mixed with various 

concentration of My16Ank ranging between 0 and 14.4 μM. After overnight incubation at 4 

°C, the samples were ultracentrifuged at 340,000g for 40 min at 4 °C. In skMyo2–My16Ank 

cosedimentation assay, skMyo2 was dialyzed in a low-salt buffer containing 10 mM MOPS 

(pH 7.4), 0.1 mM EGTA, and 1 mM DTT in the presence of My16Ank. The precipitated 
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myosin was sedimented by ultracentrifugation at 340,000g for 40 min at 4 °C. The pellets 

and supernatants were handled according to Laemmli (1970), sodium dodecyl sulfate 

polyacrylamide gel electrophoresis (SDS-PAGE) was carried out, and the gels were analyzed 

by Syngene densitometer. The equilibrium rate constants were determined according to 

previously published methods (Pollard 2010) using the Origin statistical program.

Steady-state anisotropy and polymerization test

Fluorescence anisotropy measurements were carried out with a Horiba Jobin–Yvon 

fluorimeter. The fluorescent sample was excited with polarized light, and the emission was 

detected in vertical and horizontal polarization directions. For actin binding experiments, 1 

μM IAEDANS-labeled monomeric actin (G-actin) or 5 μM IAF-labeled filamentous actin 

(F-actin) (the labeling ratio was 20 % for both) was added to various concentrations of 

My16Ank ranging between 0.3 and 5 My16Ank/actin molar ratio, and the anisotropy was 

observed at 20 °C for ~10 min. Polymerization was followed through IAEDANS-labeled 

G-actin anisotropy change at various concentrations of My16Ank (0–20 μM) after initiating 

the reaction with 100 mM KCl and 2 mM MgCl2 and followed for 30 min. Data were 

analyzed with Origin software.

Surface plasmon resonance

Interactions of PP1c isoforms or skHMM with My16Ank were monitored by surface 

plasmon resonance using the Biacore-3000 instrument (Biacore AB, Sweden). One CM5 

sensor chip contained four separated flow cells of which two were used for immobilization 

of My16Ank domain, or the GST-My16Ank domain, while the other two were used as 

control. My16Ank was immobilized on the surface of the sensor chip with covalent amine 

coupling, while the GST-My16Ank domain was immobilized via binding to anti-GST 

antibody covalently attached to the CM5 sensor-chip surface by amine coupling. On the 

control sensor-chip surface, the active groups were blocked with ethanolamine or in case 

of anti-GST immobilization with GST, respectively. The control surfaces were treated 

identically to the sample surfaces. Different concentrations of PP1c or skHMM in 20 mM 

Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM DTT, and 2 mM MnCl2 (running buffer) were 

injected above the surface, and the resonance unit signals were detected as a function of 

time. To determine the kinetic parameters, PP1c or skHMM was injected for 7 min over 

the surface of the chip, while the dissociation was registered for 5 min. The resonance 

units measured on the control surfaces were subtracted from the data obtained with the 

ankyrin surfaces to avoid the effect of unspecific binding (Toth et al. 2000). The association 

and dissociation rate constants were calculated from the sensograms using BIAevaluation 

software, assuming 1:1 interaction stoichiometry.

Phosphatase activity measurement

PP1c phosphatase activity was assayed with 1 μM radioactive 32P-phosphorylated smooth 

muscle myosin regulatory light chain (32P-MLC20) in a buffer containing 20 mM Tris-HCl 

(pH 7.4) (Toth et al. 2000). PP1c was preincubated for 10 min with different concentrations 

of My16Ank, and the reaction was initiated by addition of substrate. The reactions were 

terminated by addition of 200 μl of 20 % trichloroacetic acid (TCA) plus 200 μl of 
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6 % bovine serum albumin (BSA), and after centrifugation 32Pi was determined in the 

supernatant by measuring the radioactivity in a scintillation counter.

Results

Protein expression and purification

The ankyrin domain of Myo16b (My16Ank) was expressed in E. coli cells and purified 

under native conditions, i.e., in the absence of denaturating reactants. The expression in 

1 l cell culture resulted in approximately 3.5 g cell pellet, and usually 4–5 mg protein 

was obtained at the end of the purification. The purity of the preparations was tested by 

SDS-PAGE. We observed a main band that corresponded to the My16Ank domain at around 

45 kDa (Fig. 1b), in good agreement with the expected molecular weight. We also found 

minor bands around 28 kDa and 73 kDa in the SDS-PAGE gels (Fig. 1b). Confirmation 

with anti-GST Western blot showed that these bands could be attributed to free GST and 

uncleaved GST-ankyrin, respectively (data not shown). Further cleavage or degradation of 

the protein was not observed during a 3-week period of monitoring, provided that the 

samples were kept on ice. We concluded that the quantity and quality of the purified 

My16Ank were suitable for biophysical experiments.

My16Ank increases Mg2+-ATPase activity of acto-HMM

The role of My16Ank in the function of Myo16b is not known. Based on its close sequence 

proximity to the Myo16 motor domain, it was hypothesized that My16Ank may play a 

role in regulation of the motor domain function. We attempted to test this assumption, 

i.e., whether the motor domain function is influenced by My16Ank. Myosins hydrolyze 

ATP and use the liberated energy to create motion or strain. Therefore, we first tested if 

My16Ank could influence the ATPase activity of myosin. Expression and purification of 

the motor domain of Myo16b has not been achieved so far, so we used skeletal muscle 

HMM (skHMM) and nonmuscle myosin 2B HMM (NM2B HMM) as model systems. 

Myo16 motor domain shows ~52 % similarity to skeletal muscle myosin motor domain 

and ~49 % similarity to NM2B motor domain, and the actin and ATP binding regions 

are highly conserved (determined with NCBI Blast, using R. norvegicus skeletal muscle 

myosin and NM2B heavy chains as reference sequences, NCB accession #NP_001128630.1 

and NP_113708.1). NM2B HMM requires phosphorylation on its regulatory light chain 

(MLC20) to activate its ATPase activity. Apart from its motor properties, we chose this 

nonmuscle myosin for our experiments because the phosphorylated MLC20 is the target of 

the myosin phosphatase, which shows homology in its regulatory subunit with My16Ank.

The ATPase activity of skHMM was measured using a NADH-coupled ATPase assay. 

My16Ank alone had no ATPase activity (data not shown). The basal ATPase activity of the 

skHMM was obtained in the absence of actin and My16Ank and was found to be 0.05 s−1, 

in accordance with previous results (Miller et al. 2003). This basal activity did not change 

in the presence of 13 μM My16Ank (Fig. 2a). We also measured the effect of My16Ank 

on the actin-activated Mg2+-ATPase of skeletal HMM (Fig. 2b). Actin filaments in various 

concentrations (0–35 μM) were mixed with 0.2 μM skHMM, and the reaction was started by 

addition of ATP, then My16Ank was added sequentially in increasing concentration (0–15 

Kengyel et al. Page 6

Eur Biophys J. Author manuscript; available in PMC 2021 November 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



μM). The ATPase activity was determined from the obtained slopes and plotted against 

the actin concentration. The Vmax of the ATPase reaction in the absence of My16Ank 

was 0.41 s−1, which increased to 0.66 s−1 in the presence of 15 μM My16Ank, while 

the corresponding Km values changed from 5.1 ± 0.7 to 7.1 ± 0.4 μM. These results are 

summarized in Table 1.

We repeated these measurements using a nonmuscle myosin fragment, NM2B HMM, which 

requires phosphorylation on the MLC20 to reach normal activity (Sellers 1991). Primarily, 

we observed that My16Ank had no effect on the ATPase activity in the unphosphorylated 

state of NM2B HMM and the presence of My16Ank did not influence the phosphorylation 

of the MLC20 (Fig. 2c). After addition of MLCK, calmodulin and Ca2+, the MLC20 

of NM2B HMM premixed with My16Ank became phosphorylated and the ATPase rate 

increased considerably (Fig. 2c).

Secondly, the prephosphorylated NM2B HMM was mixed with various concentrations 

of actin (0–45 μM), and the ATPase reaction was initiated with ATP. Then, My16Ank 

was added sequentially to the mixture in increasing concentrations (0–11.7 μM). The actin­

activated Mg2+-ATPase activity markedly increased in the presence of My16Ank (Fig. 2d). 

The Vmax of the reaction changed from 0.17 s−1 in the absence of My16Ank to 0.23 s−1 

at 11.7 μM My16Ank concentration, while the corresponding Km values did not change 

significantly. The results are summarized in Table 1. These changes in ATPase activity 

correlated well with those we observed with skHMM.

My16Ank binds skeletal muscle myosin and HMM

The effect of My16Ank on the actin-activated ATPase activity of myosins can only be 

manifested if My16Ank interacts with either actin or myosin, or with both of these proteins. 

We tested whether My16Ank can bind to myosin motors. In these experiments, one model 

was the full-length skeletal muscle myosin (skMyo2), and the other was truncated skeletal 

muscle heavy meromyosin (skHMM). The two model systems allowed us to apply different 

experimental strategies for the measurements.

SkMyo2 precipitates at low ionic strength. We tested whether My16Ank can bind to and 

cosediment with skMyo2 by slowly removing the 0.5 M KCl from the solution. After 

pelleting the coprecipitated samples of skMyo2 and My16Ank, the pellets and supernatants 

were analyzed with SDS-PAGE. We found that My16Ank cosedimented with skMyo2, while 

My16Ank alone did not sediment (Fig. 3a, inset). This observation indicated that My16Ank 

can bind to full-length skeletal muscle myosins. To provide qualitative information, the 

experiments were repeated at several My16Ank concentrations (0–13.4 μM). The ratio 

of the bound My16Ank concentration to the concentration of the myosin heads was 

calculated and plotted against the free My16Ank concentration (Fig. 3a). The figure shows 

a hyperbolic tendency that saturates at high My16Ank concentrations at an approximate 1:1 

stoichiometry. The dissociation equilibrium constant (KD) was found to be 3.01 ± 0.2 μM.

We also characterized the interaction between My16Ank and skHMM. Since HMM does 

not precipitate at low ionic strengths, a different binding approach based on surface 

plasmon resonance was used. In these experiments, My16Ank was covalently bound to 
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the sensor-chip surface, then different concentrations of purified skHMM (5–30 μM) were 

injected over the immobilized My16Ank surface. The resonance signals were recorded for 

association and dissociation (Fig. 3b). In the latter case, the skHMM was removed from 

the flowthrough liquid. The sensograms were analyzed with BIAevaluation software by 

fitting single exponential functions to both phases of the curves, and the rate constants for 

association (ka) and dissociation (kd) were determined (data not shown). The ratio of kd to 

ka defines the dissociation equilibrium constant (KD) for the binding of My16Ank domain 

to skHMM and was found to be 2.4 ± 1.4 μM. This value correlates well with the result 

obtained in the experiments with the skMyo2 in the cosedimentation assay.

Based on these observations, we concluded that My16Ank binds to skeletal muscle myosin. 

Considering that the binding of My16Ank was observed with HMM, the truncated fragment 

of myosin, we also concluded that the binding site for My16Ank is located on the motor 

domain or on the light chain-binding neck region of myosin.

My16Ank does not bind to actin

The N-terminal extension of myosin IX was shown to bind actin filaments and facilitate 

the processive movement of this motor protein on actin (Nalavadi et al. 2005). This 

result, together with our observation that My16Ank influences the actin-activated ATPase 

activity of skHMM and NM2B HMM, raises the possibility that My16Ank can bind actin 

filaments, too. We tested this possibility by using cosedimentation assays, which showed 

that My16Ank did not sediment with F-actin (Fig. 4a), indicating that My16Ank did not 

bind to actin filaments.

We also used steady-state fluorescence anisotropy measurements to see whether My16Ank 

can bind to actin monomers or filaments. The anisotropy of neither G-actin nor F-actin 

changed when My16Ank was present, suggesting that My16Ank did not bind directly to 

actin (Fig. 4b).

Finally, we tested whether My16Ank has any effect on actin polymerization. 

Polymerization was followed through IAEDANS-labeled G-actin anisotropy change at 

various concentrations of My16Ank after initiating the reaction. The polymerization curves 

were normalized to the plateau height of the polymerized actin, and from the initial linear 

phase the rate constant of the reaction was determined. The results showed that the rate of 

actin polymerization was not influenced by the presence of My16Ank (data not shown).

All these observations indicated that My16Ank does not interact directly with actin, and the 

My16Ank-induced changes in the actin-activated ATPase activity of myosin motors were 

attributed to the interactions between My16Ank and myosin.

My16Ank strongly binds PP1cα and PP1cδ and decreases phosphatase activity

To further explore the possible functions of My16Ank, we considered that its amino acid 

sequence shows homology with the myosin phosphatase targeting subunit (MYPT1). The 

sequence blast between R. norvegicus Myo16b (NCB accession #NP_620248) and R. 
norvegicus protein phosphatase-1 regulatory subunit 12A (NCB accession #NP_446342) 

shows 33 % identity and 49 % similarity (NCBI Blast). My16Ank contains two protein 
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phosphatase catalytic subunit (PP1c) binding sequence elements: the KVxF motif (amino 

acid residues 55–58) essential for PP1c binding, and the RxxQIKxY motif (residues 24–31) 

termed previously as MyPhoNE element (Fig. 1a).

Previous studies have shown that, in rat, postnatal cerebellum lysate myosin 16b 

coimmunoprecipitates with PP1cα and PP1cγ, but not PP1cδ (Patel et al. 2001). To 

understand whether My16Ank has a function in phosphatase activities, we assayed the 

interaction between My16Ank and the different isoforms of PP1c under in vitro conditions 

using surface plasmon resonance techniques. In these experiments, we used both the 

uncleaved GST-My16Ank and the TEV protease digested My16Ank domain bound to 

the derivatized sensor-chip surface with anti-GST antibody or direct covalent coupling, 

respectively. Different concentrations of purified PP1cα and PP1cδ (0.5–5 μM) were 

injected over the immobilized My16Ank surfaces, and association and dissociation (without 

PP1c) phases were recorded as resonance signals (Fig. 5). Attaching the proteins in different 

ways to the surface could possibly have an effect on the obtained parameters. To eliminate 

this source of problems, we attached My16Ank to the surface either via GST at its N­

terminal by anti-GST coupled covalently or through the amine (–NH2) side-chains. The two 

different attachment methods provided almost identical results, thus excluding the possibility 

that the binding interface was hidden or partially covered (GST-My16Ank sensograms are 

not shown). The My16Ank domain bound strongly to PP1cα (KD = 540 ± 209 nM) and also 

to PP1cδ (KD = 606 ± 173 nM) with submicromolar affinities (Table 2). The GST-My16Ank 

bound with nearly the same affinities (KD = 405 ± 267 nM for PP1cα and KD = 329 

± 252 nM for PP1cδ). This finding is in contrast to the previous report that myosin 16b 

coimmunoprecipitates with PP1cα or PP1cγ only, but not with PP1cδ (Patel et al. 2001).

In protein phosphatase-1 holoenzymes, the dephosphorylating activity of the PP1c is 

markedly increased toward the substrate if the catalytic subunit is bound to the regulator 

subunit. The regulator subunit is also responsible for targeting PP1c to a specific substrate. 

On the other hand, association of PP1c with the targeting subunit could also inhibit activity 

towards other substrates preferentially dephosphorylated by the free PP1c; For example, 

the MYPT1 targeting subunit of myosin phosphatase increases the dephosphorylation of 

the phosphorylated myosin regulatory light chain (P-MLC20), while it inhibits PP1 activity 

towards the dephosphorylation of glycogen phosphorylase a (Toth et al. 2000). Considering 

the homology between My16Ank and MYPT1, we also tested whether My16Ank can 

enhance the dephosphorylation of smooth muscle P-MLC20. 32P-MLC20 was produced 

with phosphorylation by MLCK using 32P-ATP and Mg2+ in the presence of Ca2+ and 

calmodulin. PP1c activity was measured via the release of 32Pi after dephosphorylation 

(Fig. 6). The presence of My16Ank significantly decreased the phosphatase activity for all 

types of PP1c (recombinant PP1cα and PP1cδ, or native PP1c, an isoform mixture purified 

from rabbit skeletal muscle) in a concentration-dependent manner. The phosphatase activity 

was reduced to ~40 % by 1 μM My16Ank compared with that observed in the absence of 

My16Ank. These data imply that the dephosphorylation of 32P-MLC20 by PP1c is inhibited 

when PP1c is in complex with My16Ank. A possible explanation for these observations is 

that My16Ank may cover the binding surface for the P-MLC20 on PP1c.
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Discussion

The information available to date about the functional properties of Myo16b indicated that 

it may play essential roles in key physiological processes. Patel and coworkers described 

Myo16b in developing neurons, mostly in newborn and early postnatal neuronal cells. 

Myo16b can be localized to the nucleus, where it may have a role in regulating the cell 

cycle. In accordance with this assumption, overexpression of Myo16b delays progression 

from S phase to G2 phase (Cameron et al. 2007). To gain a better understanding of 

the cellular functions, many questions have to be answered regarding the structure and 

interactions of Myo16b. Our present study has focused on a unique structural element of the 

class XVI myosins, the ~45-kDa N-terminal ankyrin domain (My16Ank).

For this study, we expressed and purified the My16Ank domain in quantities suitable for 

biochemical studies. We also made several attempts to purify Myo16b motor domain, 

but after successful expression in Baculovirus/Sf9 system, the extraction of a soluble 

protein seemed to be extremely difficult. Therefore, we chose motor domains from skeletal 

muscle (skHMM) and nonmuscle (NM2B HMM) myosin as a model system to characterize 

My16Ank.

We found that My16Ank did not modify the basal ATPase activity (Fig. 2a). Interestingly, 

the actin-activated ATPase activity of skHMM or NM2B HMM was enhanced by My16Ank 

(Fig. 2b, d). The actin concentration dependence of the Vmax suggested that My16Ank could 

accelerate the rate-limiting step of the actin-activated ATPase cycle. In principle, various 

cycle steps can be the rate-limiting step for the actin-activated ATPase cycle, such as the 

dissociation of the products of ATP hydrolysis from myosin, or the dissociation of myosin 

from actin. Therefore, although more kinetic data are required to properly understand which 

of these steps were altered by My16Ank, we speculate that it was probably the release of the 

products of the ATP hydrolysis from myosin that made the observed Vmax values greater in 

the presence of My16Ank.

We showed that My16Ank can bind to the myosin and the binding was relatively weak. 

When interpreting this observation, one needs to consider two important aspects. In this 

study we used model systems (skeletal muscle and nonmuscle 2B HMM) instead of 

the inherent partner Myo16b, and therefore the physiologically relevant affinity may be 

different, possibly tighter. On the other hand, in its native state, myosin 16b would contain 

My16Ank in the same polypeptide chain as the motor domain. In this case the My16Ank is 

probably anchored to the motor domain, and thus its apparent concentration is determined 

by the structural properties and geometrical arrangement of the components, and not by their 

solute concentration; For example, if the My16Ank is anchored to the motor domain by a 

1-nm-long structural element, and thus one molecule of My16Ank is located within a sphere 

of radius 1 nm, the apparent concentration would be approximately 0.4 M. After considering 

all these aspects, we concluded that the observed binding showed that there is a binding site 

for My16Ank in myosin. To determine to what extent this binding site is occupied under 

various conditions, or in physiological states of myosin, further information will be required.
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We showed that My16Ank had no effect on the basal ATPase activity of myosin, suggesting 

that My16Ank did not change the structure of the motor around the nucleotide binding 

pocket. My16Ank did not bind to actin in either its monomeric or filamentous form (Fig. 

4b), so we excluded that My16Ank modified the myosin binding sites on actin. We also 

observed here that actin was required for the My16Ank effect on myosin ATPase activity 

(Fig. 2b, d). The elevation of the actin-activated activity suggests that the coupling between 

actin and myosin was modified by My16Ank, making this protein–protein interaction more 

effective. There are several structural ways to achieve this. One possibility is that My16Ank 

built into the motor domain and became part of the protein surface that was responsible 

for the binding of actin. The inclusion of the My16Ank in this binding must be manifested 

in a special structural arrangement, as My16Ank does not bind actin by itself. This would 

imply that in the native structure My16Ank plays an important role in the manifestation of 

interaction between actin and Myo16b.

PP1 enzymes play important roles in regulating the phosphorylation levels of proteins 

in cells through their ability to dephosphorylate key proteins. Their enzymatic activity is 

targeted and often enhanced by regulator protein subunits, such as the large targeting subunit 

(MYPT1) of myosin phosphatase to dephosphorylate the phosphorylated myosin regulatory 

light chain (P-MLC20). Interestingly, the My16Ank domain shows ~50 % similarity to 

MYPT1. In our in vitro experiments we found that the isolated My16Ank strongly bound 

to PP1cα and also to PP1cδ with nearly identical affinities. We attempted to understand 

the functional relevance of the formation of the My16Ank–PP1c complex. In principle, 

My16Ank in complex with the PP1c can mimic a protein phosphatase holoenzyme.

Myo16b contains several possible phosphorylation sites as predicted with the PROSITE 

bioinformatic program (Sigrist et al. 2002, 2013). These sites are targets of PKC, 

casein kinase 2 or cAMP-dependent protein kinase. Based on this information, we first 

assumed that the binding of My16Ank to PP1c serves an auto-dephosphorylation regulatory 

process, where the heavy chain or the light chain in Myo16b is dephosphorylated. To 

explore this possibility one needs to test whether the My16Ank binding can facilitate 

the dephosphorylation of the corresponding segment. The light chain subunits of class 

XVI myosins are unknown. Based on the consensus IQ sequence of the neck region it 

is most likely a calmodulin-like light chain, but other possibilities such as the MLC20 or 

the essential light chain cannot be excluded (Bird et al. 2014). Therefore, we used the 

P-MLC20 as a possible substrate for My16Ank–PP1c complex. However, our observation 

that the phosphatase activity of the different PP1c preparations (i.e., recombinant or native) 

markedly decreased toward P-MLC20 in the presence of My16Ank suggested that the 

P-MLC20 is not a preferred substrate for the complex. To explain the structural aspects of 

this observation, we assume that My16Ank competes for the binding site of P-MLC20 on 

PP1. In terms of the functional indications, the decreased PP1c activity in the presence of 

My16Ank suggests that the specific target protein for the My16Ank–PP1c complex is not 

the P-MLC20.

Kengyel et al. Page 11

Eur Biophys J. Author manuscript; available in PMC 2021 November 19.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Conclusions

Despite our investigations, several major questions remain to be answered in the future to 

understand the cellular functions of Myo16b. Myo16b may act as a protein phosphatase 

subunit in complex with the PP1c catalytic subunit as a protein phosphatase, and the 

Myo16b itself may be responsible for targeting PP1c to a certain, as yet unidentified, 

substrate. Finding the natural target for the My16Ank–PP1c complex will probably give 

immediate insight into the intracellular functions of Myo16b. This target may be a protein 

still to be identified, or may simply be this special myosin itself.

At the moment we can only speculate regarding the possible function of Myo16b and its 

ankyrin domain. The tail domain of Myo16b has an intrinsically disordered structure as 

predicted by the IUPred bioinformatic program (Dosztányi et al. 2005), and it contains 

a proline-rich region which is a typical profilin binding site. The C-terminal ~300 amino 

acids of Myo16b are responsible for nuclear localization (Cameron et al. 2007). We assume 

that through profilin binding the Myo16b may take part in the organization of the nuclear 

actin cytoskeleton. Profilin can be phosphorylated by RhoA associated kinase (ROCK) 

(Shao et al. 2008), which inhibits actin binding, and this site is dephosphorylated by PP1c 

(Shao and Diamond 2012). However, the regulatory subunit for profilin dephosphorylation 

is not described yet. As we showed, Myo16b is able to bind PP1c on its N-terminal 

ankyrin domain, while the Myo16b C-terminus co-localizes with profilin in the nucleus 

(Cameron et al. 2007). One can envisage that Myo16b can act as a molecular scaffold 

providing the structural framework for the dephosphorylation of profilin. In this model, the 

My16Ank domain would act as a targeting subunit for PP1c for the effective and selective 

dephosphorylation of profilin. To test this exciting possibility, experiments are in progress 

in our laboratory. On the other hand, the Myo16b tail domain itself is also a target for 

phosphorylation at Tyr1416 and Tyr1441 amino acid residues. Phosphorylation of the tail 

domain activates the WAVE complex through the PI3K signalling pathway, which also 

leads to actin remodeling (Yokoyama et al. 2011). This suggests a key role for Myo16b in 

regulation of the intracellular milieu.

Previously, the N-terminal myosin domains were assumed to act as subunits enhancing the 

interactions between myosin heads and actin. The observations presented in our work clearly 

show that the ankyrin domain of Myo16b can play an important role in the overall function 

of the Myo16b protein by being responsible for its interaction with PP1c, and to fulfill a 

central function in cellular regulatory processes.
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GST Glutathione S-transferase

HMM Heavy meromyosin

MLC20 Myosin regulatory light chain

MLCK Myosin light chain kinase

My16Ank Myosin 16 ankyrin domain

Myo16 Myosin 16

MyPhoNE Myosin phosphatase N-terminal element

MYPT1 Myosin phosphatase regulatory subunit 1

sk Skeletal

skMyo2 Full-length skeletal myosin

NM2B Nonmuscle myosin 2B

PP1c Protein phosphatase-1 catalytic subunit

TEV Tobacco etch virus
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Fig. 1. 
a Domain structure of Myo16b. Numbers indicate amino acid positions. Enlarged My16Ank 

containing the MyPhoNE and the KVxF sequence elements and the eight ankyrin repeats. 

b SDS-PAGE of the purified ~45-kDa My16Ank. At the end of the proteolytic procedure, a 

small amount of free GST (28 kDa) and uncleaved GST-My16Ank (73 kDa) could always 

be observed. First lane molecular weight marker
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Fig. 2. 
Steady-state actin-activated Mg2+-ATPase reaction measured with a NADH-coupled assay. 

a My16Ank did not change the basal activity of skHMM (open squares), while the 

actin-activated ATPase activity (F-actin concentration 10 μM) increased in the presence 

of My16Ank (solid circles). b My16Ank increases the actin-activated ATPase activity of 

skHMM in a concentration-dependent manner. The Vmax of the reaction has markedly 

increased. Data points represent the mean ± standard error (SE) of n = 4 independent 

measurements. c Normalized time course of the phosphorylation regulated NM2B HMM 

ATPase activity before and after phosphorylation at 20 μM F-actin concentration. 

My16Ank has no effect on unphosphorylated NM2B HMM. Arrow indicates addition 

of MLCK. d ATPase activity of prephosphorylated NM2B HMM in the presence of 

various concentrations of My16Ank. The ATPase activity has increased in the presence 

of My16Ank. All reactions were performed at 22 °C, at 50 mM KCl concentration. ATPase 

activity is plotted against My16Ank or F-actin concentration, and single exponential curves 
were fit
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Fig. 3. 
a Cosedimentation assay between skMyo2 and My16Ank. skMyo2 (1.1 μM) was 

coprecipitated and cosedimented with 0, 1.7, 3.4, 6.7, 10, 13.4 μM My16Ank (inset lane 
2–6). No My16Ank sedimented without skeletal myosin (inset lane 7). The bound fraction 

of My16Ank in the pellet was normalized to the skMyo2 myosin head concentration and 

plotted against the free My16Ank concentration. Hyperbolic fit determines the plateau 

height, which shows approximately 1:1 stoichiometry, and KD ≈ 3.0 μM. HC skMyo2 heavy 

chain, ELC essential light chain. b My16Ank binding to skHMM was determined by surface 

plasmon resonance. My16Ank was immobilized on the surface of the sensor chip while 

different concentrations of skHMM (A 5, B 10, C 20, D 30 μM) were injected over it. The 

sensogram shows interaction between the proteins with KD ≈ 2.4 μM
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Fig. 4. 
a Cosedimentation assay between F-actin and My16Ank. F-actin (1 μM) was incubated with 

various concentrations of My16Ank [6.75 μM (P1, S1), 9 μM (P2, S2), 11.25 μM (P3, S3), 

14.4 μM (P4, S4)]; after ultracentrifugation, the pellet (P1–4) and corresponding supernatant 

(S1–4) were subjected to electrophoresis. My16Ank does not cosediment with F-actin. Lane 
10 represents the total protein content of the assay (T), while lane 1 shows the molecular 

weight marker (MW). b IAF-labeled filamentous F-actin anisotropy and IAEDANS-labeled 

monomer G-actin anisotropy in the presence of various concentrations of My16Ank show no 

direct binding. The anisotropy for both F- and G-actin did not change significantly, even in 

the presence of fivefold excess of My16Ank
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Fig. 5. 
Interaction of My16Ank with PP1c measured by surface plasmon resonance-based binding 

analysis. My16Ank was immobilized on the surface of the sensor chip while different 

concentrations of PP1cα (a) or PP1cδ (b) were injected over it [0.5 μM (A), 1 μM (B), 

2 μM (C), 3 μM (D), 5 μM (E)]. From the obtained sensograms, the association (ka) and 

dissociation (kd) rate constants can be determined, and the kd/ka ratio (KD) shows the 

affinity of the interacting proteins. In case of My16Ank–PP1cα, KD = 540 ± 209 nM, while 

for My16Ank–PP1cδ, KD = 606 ± 173 nM
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Fig. 6. 
Effect of My16Ank on the phosphatase activity of PP1c. The substrate of the reaction 

was the 20-kDa smooth muscle myosin regulatory light chain (MLC20), phosphorylated 

with myosin light chain kinase (MLCK) in the presence of [γ−32P] ATP and Mg2+. 

Phosphatase activity was measured by determination of the release of 32Pi from 32P-MLC20. 

The phosphatase activity without My16Ank was taken as 100 %. My16Ank inhibits 

the recombinant PP1c isoforms and the native, tissue purified PP1c in a concentration­

dependent manner; 1 μM My16Ank significantly reduced the phosphatase activity of all 

types of PP1c to ~40 %
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