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The actomyosin cytoskeleton is a complex network of intertwined filaments that 

extends along the cell body, acting as a scaffold that determines the shape of the cell and 

provides support to the organization of the different cellular components and processes. These 

filaments are dynamic structures that undergo continuous rearrangements to enable the cell 

to adapt to different intracellular and extracellular demands, including extracellular matrix 

contraction, cell shape changes during division, migration, etc. In this context, non-muscle 

myosin II (NMII) arises as a master controller of the behavior of these filaments. NMII is a 

molecular motor endowed with actin-binding and ATP-ase mediated contraction activities. 

The two main paralogs are NMII-A and NMII-B, and they play different roles in the 

regulation of the maintenance and remodeling of the actomyosin cytoskeleton. NMII-A is 

more dynamic and underlies de novo assembly of actomyosin bundles. Conversely, NMII-B 

assembles more slowly and is largely responsible for creating large actomyosin bundles that 

determine the rear of the cell, allowing the establishment of migratory cell front-back polarity.  

In this study, we show that the paralog-specific role of NMII-B is controlled by a 

short stretch of amino acids containing five serines (1935-SFSSSRS-1941), which is absent 

in NMII-A. This motif resides near the junction between the C-terminus helical and non-

helical tail domains of the myosin II heavy chain-B (MHCII-B). Removal of this motif 

increased NMII-B exchange by reducing its assembly into actomyosin filaments (which is a 

proxy of stability in this context). On the other hand, its insertion into NMII-A, endowed it 

with slower dynamics and a NMII-B-like ability to generate thick rear-defining actomyosin 

bundles. Phosphomimetic mutation of the five serines also decreased NMII-B assembly, 

rendering it unable to support front-back polarization. Mass spectrometric analysis showed 

the differential amenability of these residues to become phosphorylated in live cells. Single-

site mutagenesis showed that Ser1935 is the major regulatory site of this motif that controls 

NMII-B dynamics and function. Analysis of focal adhesions behavior, indicated that these 

structures are regulated by the Ser1935-dependent stability of the filaments. Prevention of the 

phosphorylation of this residue overcame the signals emanating from the atypical PKCζ 

signaling pathway. 

 

 

 



 
 

 

 

 

 

 

 

 



 
 

 

El citoesqueleto de actomiosina es una compleja red de filamentos entrelazados que 

se extiende a lo largo del cuerpo celular, actuando como soporte para determinar la forma de 

la célula y proporcionar apoyo a la organización de los diferentes componentes y procesos 

celulares. Estos filamentos son estructuras dinámicas bajo continua reorganización para 

permitir que la célula se adapte a los diferentes requerimientos intra- y extracelulares, 

incluyendo la contracción de la matriz extracelular, los cambios de la forma celular en la 

división, la migración, etc. En este contexto surge la miosina II no muscular (NMII) como 

controlador clave del comportamiento de estos filamentos. NMII es un motor molecular 

dotado de actividad de unión a la actina y de actividad de contracción mediada por ATP-asa. 

Los dos parálogos principales NMII-A y NMII-B, desempeñan diferentes papeles en la 

regulación del mantenimiento y remodelación del citoesqueleto de actomiosina. La NMII-A 

es más dinámica y media en el ensamblaje de novo de los haces de actomiosina. Por el 

contrario, NMII-B se ensambla más lentamente y es en gran parte responsable de la creación 

de los grandes haces de actomiosina que determinan la parte posterior de la célula, lo que 

permite el establecimiento de la polaridad frente-cola de la célula migratoria.  

En este estudio, se demuestra que la función específica del parálogo NMII-B se 

encuentra bajo el control de una región que contienen cinco serinas (1935-SFSSSRS-1941), 

ausente en NMII-A. Esta región se localiza cerca de la unión entre los dominios C-terminal 

de la cola helicoidal y no helicoidal de la cadena pesada de miosina II no muscular (MHCII-

B). La eliminación de esta región aumentó el intercambio de NMII-B reduciendo su 

ensamblaje en filamentos de actomiosina (que implica estabilidad en este contexto). Por otro 

lado, su inserción en NMII-A, dotó a este parálogo de una dinámica más lenta y una habilidad 

similar a NMII-B para generar gruesos haces de actomiosina. La mutación fosfomimética de 

las cinco serinas disminuyó el ensamblaje de NMII-B, impidiendo la polarización frente-cola. 

El análisis por espectrometría de masas mostró la fosforilación diferencial de estos cinco 

residuos en células vivas. La mutagénesis de residuos individuales mostró que Ser1935 es el 

principal sitio regulador de esta región que controla la dinámica y función de NMII-B. El 

análisis de adhesiones indicó que el comportamiento de estas es dependiente de la estabilidad 

de los filamentos mediada por Ser1935. El bloqueo de la fosforilación de este residuo superó 

las señales que provenientes de la vía de señalización de la  PKCζ atípica. Estos datos revelan 

un nuevo mecanismo regulador de NMII en células migratorias polarizadas identificando un 

determinante molecular clave que confiere especificidad funcional a los parálogos de NMII. 
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The myosin superfamily of proteins comprises a large group of actin-binding molecular 

motors that convert chemical energy into intracellular forces.  Based on phylogenetic data, 

the myosin superfamily is divided into at least 29 classes according to sequence similarity 

and domain organization (Foth et al., 2006). Following other classification criteria, further 

myosin classes have been defined (Odronitz and Kollmar, 2007; Richards and Cavalier-

Smith, 2005; Sebé-Pedrós et al., 2014). This classification can be expected to change in 

upcoming years as genome sequencing of additional species yield new myosin-like genes. 

Most myosin proteins comprise a heavy chain with three main domains: (1) An actin-binding 

motor domain; (2) A neck domain that acts as a movable hinge between domains; (3) A highly 

variable, class-specific tail domain. The head, or motor, domain contains a highly conserved 

protein core that includes an ATPase catalytic site and actin-binding capacity. This domain 

is likely to operate similarly in all the myosin superfamily. Many of the most common 

myosins present a similar structure with seven β strands linked by loops. The ATP-binding 

site is contained in a phosphate-binding loop (P-loop) equivalent to the one in G-proteins. 

ATP binding and its hydrolysis into ADP+Pi induces the rotation of a “converter” domain 

that promotes a conformational change of the protein ultimately responsible for the generation 

of force (Holmes, 2008). The neck domain usually consists on IQ motifs with a highly 

conserved sequence IQXXXRGXXXR that form an alpha (α) helix. The number of IQ motifs 

determine the length of the neck domain, which is directly related to the specific step size 

(displacement produced during one ATPase cycle) of each myosin. The flexibility of the neck 

amplifies the conformational change movement generated by ATP hydrolysis and supports 

myosin head swinging. It also allows the relative displacement of the head and tail domains, 

promoting the movement of the actin filament bound to the head, which is known as filament 

sliding. Binding of myosin light chains or members of the calmodulin family to the IQ motifs 

regulate the rigidity of the neck, therefore determining the functional properties of the 

myosins (El-mezgueldi and Bagshaw, 2008; Mooseker and Foth, 2008). The tail domain is 

the most divergent among the different classes of myosin in terms of sequence and length. 

Myosin tails may contain different functional motifs which endow the different myosins with 

their functional diversity and determine their subcellular localization (Fig. I1) (Odronitz and 

Kollmar, 2007; Sellers, 2000). For example, myosin II dimerizes through homotypic 

interactions between the tail domains of two myosin heavy chains. These dimers form higher 
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order oligomers through the anti-parallel interaction of myosin II dimers (Turbedsky et al., 

2005). Another well-characterized example is myosin V, which dimerizes through the tail 

domain in a similar fashion to myosin II and binds cargoes (mainly vesicles) through a cargo 

binding domain at the end of the tail (Trybus, 2008). Endowed by tail domain diversity, the 

different members of the myosin superfamily participate in a variety of cellular processes 

including actin reorganization, adhesion, endo-exocytosis, signal transduction, tension 

generation, organelle subcellular positioning and movement, cytoskeleton crosstalk, nuclear 

polarity and cellular fate determination (Mooseker and Foth, 2008). 

 

 

 

This work focuses on non-muscle myosin II (NMII), which belongs to the group of class II 

(“conventional”) myosins. Other members of class II are: (1) Acanthamoeba or Dictyostelium 

myosins; (2) yeast myosins; (3) skeletal or cardiac myosins; (4) vertebrate smooth muscle 

myosins (Sellers, 2000). This family is characterized by the presence of an N-terminal SH3 

domain in the heavy chain that is involved in intramolecular interactions of functional motifs 

Figure I1. Schematic diagram of the domain structures of representative members of the 

myosin classes. The sequence name of the representative member is given in the motor domain 

of the respective myosin. A color key to the domain names and symbols is given on the right 

except for the motor domain, which is colored in blue. aa, amino acids. The abbreviations for the 

domains are: SH3, src homology 3; IQ motif, isoleucine-glutamine motif; MyTH1, myosin tail 

homology 1; MyTH4, myosin tail homology 4; FERM, band 4.1, ezrin, radixin, and moesin; 

Pkinase, protein kinase domain; PH, pleckstrin homology; Cyt-b5, cytochrome b5-like 

Heme/Steroid binding domain; RCC1, regulator of chromosome condensation. Figure modified 

from (Odronitz and Kollmar, 2007). 
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within the motor domain (Fujita-Becker et al., 2006). Class II myosins also contain two IQ 

motifs in the neck region that enable the binding of two light chains per heavy chain (Fig. 

I1). However, the best defining feature of this class is the ability to assemble into multimers. 

Class II myosins display long rod-like α helical tails that support the formation of two-headed 

dimers. Dimers can assemble further into bipolar, anti-parallel bundles (Sellers and Knight, 

2007; Turbedsky et al., 2005). These myosin bundles bind to actin through their head motor 

domains. The conformational change induced by ATP hydrolysis causes sliding of the actin 

filaments that generates mechanical force, leading to the shortening, displacement or 

contraction of the filaments (El-mezgueldi and Bagshaw, 2008). This mechanism enables 

different class II myosins members to promote muscle contraction or actomyosin-based 

cytoskeletal reorganization directing intracellular movements (Landsverk and Epstein, 2005). 

Vertebrate smooth muscle and non-muscle class II myosins are activated by phosphorylation 

of the regulatory light chain, while muscle myosin is activated by calcium binding to its light 

chain (Conti et al., 2008; Cremo and Hartshorne, 2008; Gordon et al., 2000) 

 

The multimolecular structure of NMII can be seen in Fig. I2. Briefly, the functional NMII 

unit comprises a hexamer made of two intertwined heavy chains (MHCII) that interact with 

each other through a long coiled-coil central domain. The actin-binding and Mg2+-actin-

dependent ATPase head domains are located near the N-terminus. The head and coiled-coil 

domains are linked by a neck region that contains binding sites for four light chains (two per 

MHCII). Each MHCII binds to one essential light chain (ELC), which is encoded in a single 

gene first called lym4 (Lenz et al., 1989), later renamed as Myl6; and one regulatory light 

chain (RLC), which is encoded in genes Myl9 (smooth muscle variant) (Grant et al., 1990a) 

and Myl12A and Myl12B (non-muscle variants) (Grant et al., 1990b). ELC serves a structural 

role and is crucial for full force production by class II myosins (Chen et al., 1994; VanBuren 

et al., 1994). On the other hand, RLC provides structural stability to the NMII hexamer 

(Trybus and Lowey, 1988), but it also controls the ATPase function of the head domain of 

the MHCII (see below). NMII exists in two conformations: an assembly-incompetent (10S) 

and an assembly-competent (6S) form (Cremo and Hartshorne, 2008). The 10S form is a 

folded conformation in which the myosin heads are bent towards the tail, impairing its 

binding to actin (Trybus and Loweye, 1984; Trybus et al., 1982). This folded conformation 

has been proposed to serve as a spatiotemporal buffering mechanism, allowing inactive 
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myosin to be stored or transported within the cell (Milton et al., 2011). The 10S form can 

rapidly extend into an assembly-competent (6S) conformation that binds actin and supports 

filament assembly. The 10S→6S conversion is regulated by an off/on switch constituted by 

a phosphorylatable residue of the RLC, Ser19, which can be phosphorylated (on) or not (off) 

(Craig et al., 1983; Ikebe et al., 1983; Ikebe et al., 1986; Onishi et al., 1983; Rosenfeld et al., 

1994). Ser19 phosphorylation also boosts the ATPase activity of the MHCII. An additional 

RLC regulatory residue, Thr18, can also be phosphorylated, increasing the actomyosin 

ATPase activity of NMII and further stabilizing actomyosin bundles (Ikebe et al., 1986). 

Several kinases can phosphorylate one, or both, residues (see below). Additional regulatory 

mechanisms exist, e.g. phosphorylation of Ser1 and Ser2 by PKC (Komatsu and Ikebe, 2007).  

 

 

 

MHCII is expressed as three isoforms encoded by different genes: Myh9 encodes the isoform 

II-A; Myh10 encodes the isoform II-B; Myh14 encodes the isoform II-C (Golomb et al., 2004; 

Leal et al., 2003; Simons et al., 1991). Nomenclature-wise, the MHCII isoform determines 

the type of NMII hexamer, defining three paralogs: NMII-A, NMII-B and NMII-C. The pre-

mRNA of the MHCII isoforms may undergo alternative splicing, which involves an insertion 

Figure I2. Structure of the NMII hexamer. Top, image represents the two conformations of the 

NMII hexamer, 10S assembly-incompetent, which upon regulatory light chain phosphorylation 

extends to the 6S, assembly-competent form. Color coded, the heavy and light chains that 

comprise the hexamer and the heavy chain domains. Bottom, The 6S form is represented 

associated to actomyosin filaments upon non-muscle myosin heavy chain phosphorylation.  
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in conserved motifs: near the myosin ATP-binding region (equivalent to those in smooth 

muscle MHC (Kelley et al., 1993) ) and in the actin-binding region  (Golomb et al., 2004; 

Itoh and Adelstein, 1995; Li et al., 2008; Takahashi et al., 1992). ELC is required for all the 

isoforms to form fully functional NMII hexamers. The same applies to the three gene products 

of RLC (Myl9, Myl12A and Myl12B) that bind the NMII paralogs equivalently. This is not 

unexpected due to the almost complete sequence identity (≥95%) of the RLC variants (Park 

et al., 2011). Regarding the coiled coil and non-helical tail domain of MHCII, these regions 

support MHCII dimerization as well as the lateral interaction of the NMII hexamers with the 

equivalent region of other NMII hexamers to assemble antiparallel filaments (mini-filaments) 

that contain multiple hexamers (Ricketson et al., 2010). These interactions are regulated 

through MHCII phosphorylation (Fig. I2). Mini-filaments adopt proto-sarcomeric structures 

in many cell types, particularly epithelial and mesenchymal cells. The size and stability of 

these mini-filaments depend on the paralog. Although small filaments with a mixed paralog 

composition (and even with other myosins, e.g. Myo18A) have been described in cultured 

cells (Beach et al., 2014; Billington et al., 2015), most NMII filaments present in live cells 

contain only one type of paralog. The relative contribution of mixed mini-filaments to the 

specificity of the cellular functions of the NMII paralogs remains undefined. However, mini-

filaments made of one NMII paralog often assemble along the same actin bundles next to 

mini-filaments of another NMII paralog, forming a characteristic stippled pattern observed 

by confocal and super-resolution microscopy (Beach et al., 2014; Vicente-Manzanares et al., 

2007).   

 

NMII-based actin filament sliding can be described in terms of the swinging cross-bridge 

model (Spudich, 2001). This model is shown in Fig. I3. ATP-bound NMII is not associated 

with actin filaments because the actin binding motif is split by a deep cleft in this 

conformation. ATP hydrolysis by the Mg2+-actin-dependent ATPase of the head domain of 

MHCII primes the cross-bridge to close the cleft, shifting to a high-actin binding 

conformation. This allows NMII to bind to the actin filament. The release of the resulting 

phosphate triggers the power stroke, which can be defined as a conformational movement 

around the nucleotide pocket amplified by the neck domain to generate force. Such force 

causes the sliding of the actin filament with respect to the NMII (10 nm/step on average). The 

exchange of ADP for ATP opens the cleft, thereby promoting the dissociation of actin from 
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myosin and restarting the cycle. Mechanical work at a cellular level is caused by the concerted 

movement of many bundles of actin filaments propelled by multiple NMII filaments (El-

mezgueldi and Bagshaw, 2008).  

 

 

 

The swinging cross-bridge model of force is highly conserved among the myosin family. 

Differences in the kinetic parameters endow the different myosins with their particular 

enzymatic properties. NMII paralogs display slightly different ATP/ ADP affinity constants, 

which determine the duty ratio and actin filament sliding velocity. The duty ratio is known as 

the fraction of time that NMII spends bound strongly to actin within the ATPase cycle. NMII-

A displays the lowest duty ratio (0.05-0.1), which means NMII-A remains bound strongly to 

actin only 5-10% of the time. This is similar to the duty ratios of muscle myosin II (Kovacs 

Figure I3. The swinging cross-bridge model. Image depicts the cycle of NMII interaction with 

ATP and actin filaments. NMII in purple represents ATP-bound NMII (not bound to actin); light 

blue represents the intermediate ADP + Pi-bound state; and dark blue represents the actin-bound, 

ADP-containing state. The image also includes the exchange of ADP for ATP and release of the 

hydrolyzed phosphate. Note that for representation purposes, the cycle is represented as four 

symmetric stages, but the actual amount of time the NMII spends in one or another conformation 

is paralog-dependent (see text for details).  
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et al., 2003). Conversely, NMII-B has a much higher duty ratio (0.2-0.4) (Wang et al., 2003) 

while the duty ratio of NMII-C is splicing-dependent, but intermediate between NMII-A and 

NMII-B (Heissler and Manstein, 2011). In vitro motility assays have shown that NMII-A 

moves actin filaments 2-3 times faster than NMII-B or NMII-C (Heissler and Manstein, 2011; 

Kelley et al., 1996). These parameters underlie the cellular functions of the different paralogs. 

NMII-A is a fast assembling/disassembling paralog that generates force to support de novo 

structure assembly. Conversely, NMII-B mainly plays scaffold roles related to its higher duty 

ratio, which makes it more adequate to bear tension rather than to produce force. 

 

NMII constitutes an endpoint of multiple biochemical and mechanical signaling pathways 

that control its function. The combination of the structure and mechanism of action of NMII 

creates two major regulatory checkpoints. One is the direct control of the actin binding/ 

ATPase activity/ conformational movement of the NMII hexamer, which mainly takes place 

at the head and neck regions, including the RLC. The other is the control of the MHCII-

dependent assembly state of the NMII paralogs (NMII filament growth/ disassembly 

equilibrium) as well as their subcellular localization. Several kinases have the potential to 

phosphorylate multiple sites in the RLC and the MHCII (Fig. I4). 

RLC phosphorylation is the major mechanism of regulation of NMII activity. The regulatory 

hotspot of the RLC is Ser19, which controls motor activity and filament assembly. 

Phosphorylation of Ser19 is responsible for the extension of the 10S NMII hexamer into the 

6S assembly-competent form (Craig et al., 1983; Rosenfeld et al., 1994). It also promotes the 

activation of the motor ATPase activity of the MHCII (Adelstein and Conti, 1975).  

Additional phosphorylation at Thr18 further increases the actomyosin enzymatic activity and 

favors filament formation (Ikebe et al., 1986). In live cells, NMII phosphorylated in both 

Thr18 and Ser19 mainly appears in thick, stable actomyosin bundles, whereas NMII 

phosphorylated only in Ser19 is predominantly located in thinner, more dynamic filaments 

(Vicente-Manzanares and Horwitz, 2010). Different kinases promote the phosphorylation of 

the RLC in Thr18 and Ser19 (Fig. I4). A major activating pathway emerges from the small 

Rho GTPase RhoA. When bound to GTP, RhoA binds to and activates ROCK (RhO-

associated Coiled-coil Kinase). ROCK may phosphorylate RLC directly on Ser19 (Amano et 



24 

 

al., 1996). However, the main function of ROCK in this context is the phosphorylation and 

inactivation of MYPT1 (Myosin Phosphatase Subunit 1), which is the catalytic subunit of a 

phosphatase specific for the RLC of NMII (Kimura et al., 1996). In this manner, ROCK 

triggers NMII activation by promoting RLC phosphorylation directly and also by preventing 

its dephosphorylation. In addition, MYPT1 can be regulated in other ways, e.g. it can be 

phosphorylated and inhibited by ZIPK (Ichikawa et al., 1996). Also, the Arf GEFs (GTP 

exchanging factor) Big1 and Big2 regulate its incorporation into complexes, thereby 

controlling its access to NMII (Le et al., 2013).  CitK (citron kinase) is a RhoA-dependent 

cell cycle-related kinase that phosphorylates both Ser19 and Thr18 and controls the mitotic 

function of NMII (Yamashiro et al., 2003). Another Rho family member, Cdc42, activates 

MRCK (Myotonic dystrophy-Related Coiled-Coil Kinase), which also phosphorylates RLC 

on Thr18 and Ser19 (Leung et al., 1998). NMII is also regulated by calcium through the 

activation of the Myosin Light Chain Kinase (MLCK). This kinase is activated by Ca2+-

calmodulin binding, and it phosphorylates RLC preferentially on Ser19 (Sellers et al., 1981). 

These kinases constitute a spatially segregated regulatory network, by which NMII is 

differentially activated throughout the cell. For example, MLCK and Cdc42 through MRCK 

activate NMII closer to the leading edge (Tan et al., 2008; Totsukawa et al., 2004), whereas 

RhoA through ROCK drives the activation of NMII in thick actomyosin bundles, which 

define the trailing edge of the cell (Totsukawa et al., 2004). Additional regulatory sites exist 

in the RLC, as Ser1/Ser2 (Fig. I4). The phosphorylation of these serines by PKC inhibits the 

function of NMII by decreasing the binding of NMII to actin filaments (Komatsu and Ikebe, 

2007; Nishikawa et al., 1984).  

NMII is found in two conformations: soluble in the cytoplasm, or assembled into multimeric 

packages that form actomyosin bundles. The cytoplasmic pool supplies the NMII monomers 

to constitute actomyosin filaments, and there is a continuous exchange of molecules between 

the soluble cytoplasmic and the filamentous NMII pools (Breckenridge et al., 2009).  NMII 

assembly into filaments is spatially mediated by the last loops of the α-helix coiled-coil rod 

domain and C-terminal non-helical tail of the MHCII (~last 200 amino acids of the MHCII). 

These regions interact laterally (mainly in an anti-parallel fashion) with binding motifs of 

other NMII hexamers to mediate filament assembly (Ricketson et al., 2010). This interaction 

relies on intermolecular electrostatic interactions between negatively and positively charged 

regions that reside in this region of the MHCII. Importantly, this region contains most 

regulatory residues that underlie isoform specificity, thereby mainly promoting homotypic 
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interactions. However, recent findings reveal the presence of mini-filaments of mixed 

composition (Beach et al., 2014; Billington et al., 2015).  

Several kinases regulate oligomerization through phosphorylation of specific residues in the 

tail domains of MHCII, including TRPM (transient receptor potential melastatin)-6 and -7, 

members of the PKC (protein kinase C) family and CK2 (casein kinase 2) (Fig. I4). 

Phosphorylation introduces negative charges in specific regions of tail of the heavy chain, 

which potentially destabilizes the electrostatic interactions between the chains and causes 

NMII disassembly and actomyosin filament instability, leading to cytoskeletal reorganization 

(Ricketson et al., 2010). TRPM7 also regulates NMII through the regulation of Mg2+ 

homeostasis (Stritt et al., 2016). These phosphorylations control the interaction of NMII with 

additional proteins. For example, NMII-A interacts with S100A4 (Mts1, metastatin-1) 

through a binding motif that comprises the last loops of the coiled-coil domain and the non-

helical tail domain. This interaction is regulated by phosphorylation of Ser1943 of MHCII-

A. Although this residue is not within the S100A4-MHCII-A binding interface, its 

phosphorylation and the subsequent addition of negative charge likely alters the conformation 

of the C-terminus of NMII-A, thereby preventing the interaction (Dulyaninova et al., 2005). 

Another binding protein is Lgl (Lethal giant larvae), which is a tumor suppressor protein that 

interacts with the C-terminal of both MHCII-A and -B under the control of aPKCζ and 

inhibits NMII-A assembly in live cells (Dahan et al., 2012). MYBPH (Myosin-binding 

protein H) directly interacts with NMII to inhibit cell migration  (Hosono et al., 2012). Also, 

supervillin and anillin can bind NMII and control its function in cell division (Smith et al., 

2013).  

Additional regulators of NMII include various tropomyosin (Tpm) isoforms. Although 

muscle Tpm inhibits muscle myosin II binding to actin filaments (Gordon et al., 2000), 

muscle and non-muscle Tpm isoforms have variable effects on NMII function, depending on 

the Tpm isoform and the NMII paralog (Barua et al., 2014). Tpms are key regulators of 

microfilament integrity, properties and function. Tpms are actin-binding proteins that interact 

laterally along actin filaments and regulate the actomyosin cytoskeleton. There are over 40 

Tpm isoforms in mammals that display specific features and functions in many cell processes. 

(Khaitlina, 2015). Each isoform is specifically recruited to a particular actin filament type 

depending on the dynamic requirements of the actomyosin cytoskeleton in a cell-type specific 

manner (Gunning et al., 2015). The isoform variety arises from alternative splicing of 4 

different Tpm genes. The expression of alternative exons generates the functional diversity 

and specificity of the different isoforms. Tropomyosin isoforms derived from the human 
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TPM1 gene only differ in one coding exon (Gunning et al., 2005). Tpm1.1 or Tpm1α (exon 

sequence 1a-2b-6b-9a) is restricted to skeletal tissue and stabilizes actomyosin filaments 

(Gupton et al., 2004). Together with troponin and Ca2+-regulated muscle myosin, Tpm1α 

controls striated muscle contraction in muscle cells. Exon 9a has been directly implicated in 

the regulation of the velocity of muscle myosin filaments (Barua et al., 2014). On the other 

hand, Tpm1.6 (1a-2b-6b-9d) is a non-muscle isoform that stabilizes actomyosin stress fibers 

(Tojkander et al., 2011; Tojkander et al., 2012),  but the inclusion of exon 9d  decreases 

filament velocity (Barua et al., 2014).  

 

 

 

NMII is a key regulator of morphogenesis that participates in shaping cells and tissues during 

development (Young et al., 1993). Through cytoskeletal reorganization and mechanical force 

Figure I4. Regulation of the phosphorylation of the RLC and of the MHCII tail domain 

Throughout the image, S indicates Ser residues and T denotes Thr residues, followed by their 

position in the corresponding RLC (left) or MHCII (right). Left, regulation of the RLC. Please 

refer to the text for details. CitK, citron-kinase; ROCK, RhO associated Coiled coil Kinase; 

MLCK, Myosin Light Chain Kinase; MYPT1, MYosin Phosphatase SubuniT1; MRCK, 

Myotonic dystrophy-Related Coiled-coil Kinase; PKC, protein kinase C; Ca2.CaM, calcium-

calmodulin; GAP, GTPase Activating Protein; GEF, GTP Exchange Factor. Right, regulation of 

the NMII coiled coil and non-helical domain. Top right, tail of NMII-A. Bottom right, tail of 

NMII-B. CKII, casein kinase-II; TRPM6/7, Transient Receptor Potential Melastatin. 
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generation, NMII governs local contraction and adhesion during early epithelial 

morphogenesis, determining cell motility, intercalation, invagination, tissue shaping, and 

rotation (Aguilar-Cuenca et al., 2014). In most morphogenetic movements, NMII localizes to 

areas that undergo constriction (Dawes-Hoang, 2005), e.g., during spiracle invagination in 

Drosophila melanogaster, or during gastrulation. These areas often coincide with the apical 

pole of an epithelial sheet, where myosin enables tissue elongation through periodic 

contractions of the actomyosin cytoskeleton (He et al., 2010). During epithelial cell 

intercalation in Drosophila morphogenesis, NMII mainly localizes to dorso-ventral junctions 

and away from lateral junctions (Bertet et al., 2004). Such asymmetric NMII distribution 

decreases tension in the lateral junctions and allows lateral displacements, such as those 

required for cell intercalation (Rauzi et al., 2008).  NMII also mediates cell rotation during 

ommatidia formation in eye development. In this type of movement, groups of preformed 

cells rotate inside the layer to form polarized photorreceptors through NMII-dependent local 

constriction and retraction (Fiehler and Wolff, 2007). Most of these morphogenetic 

movements are powered by NMII-dependent actin movements (Rauzi and Lenne, 2011). A 

general principle emerges in which regulated asymmetry of NMII filaments inside some cells 

in developing tissues causes tension gradients that promote the generation of contractile flows 

(“waves”) of actomyosin (Mayer et al., 2010; Munro et al., 2004). These flow movements 

exert asymmetric friction on the plasma membrane of the cell as the actin moves. They also 

create positional forces that direct some morphogenetic movements such as epiboly (Behrndt 

et al., 2012). This is similar to the retrograde flow of actin observed in migrating cells, which 

causes friction on substrate-bound adhesions and may underlie force-dependent adhesion 

growth (Gardel et al., 2010).   

The implication of NMII in embryogenic development has been mainly studied in 

Drosophila, which only has one NMII paralog (zipper is the MHCII, whereas spaghetti 

squash and MLC-C are the RLC and ELC, respectively). Nevertheless, several studies have 

addressed the specificity of the paralogs in vertebrate development. For example, NMII-B is 

required for convergence and extension during Xenopus gastrulation as well as closure of the 

neural tube (Rolo et al., 2009; Skoglund et al., 2008). In the brain, folding of the midbrain-

hindbrain boundary by  neuroepithelial cells requires NMII-A-dependent cell shortening and 

NMII-B-dependent maintenance of cell width (Gutzman et al., 2015). The importance of 

NMII paralogs during development is best illustrated in knockout mice models. Ablation of 

the MHCII-A gene is lethal by embryonic day 6.5 (before organ formation) due to defects in 

cell-cell adhesion and failure to organize a polarized functional visceral endoderm, indicating 

the key role of this isoform in the maintenance of epithelial monolayer integrity (Conti et al., 
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2004). MHCII-B germline-ablated mice display cardiac and brain defects. While most 

embryos die around embryonic day 14.5, some animals are actually born, but they die 

perinatally (Tullio et al., 1997; Tullio et al., 2001). The brain defects are caused by defective 

adhesion and migration and include hydrocephalus and altered final destination of the 

migration of various neuronal cell types (Ma et al., 2004), in which NMII-B is the major 

paralog (M. Vicente-Manzanares, unpublished). Mice lacking MHCII-C  do not display any 

apparent phenotype unless the dose of MHCII-B is also reduced (Ma et al., 2010), suggesting 

that NMII-B can compensate the loss of NMII-C.  

 

Cell migration is of vital importance in many biological processes, including organism 

development and homeostasis, the immune response, regeneration, etc. NMII arises as a 

central regulator of migration as it coordinately controls polarity, leading edge protrusion, 

adhesion and rear retraction. It orchestrates the diverse processes required for cell motility 

integrating force generation, dynamic remodeling of the actin cytoskeleton as well as cell-

cell and cell-environment interactions. In this context, the role of the major paralogs, NMII-

A and NMII-B, in each process has been dissected.  These two paralogs are expressed in most 

mesenchymal cells, e.g. endothelium, and epithelial cells at similar levels. Previous studies 

show that the different paralogs play fundamentally different roles in the organization of the 

actin in migrating cells. These properties are related to the different localization and function 

of NMII-A and NMII-B (Kolega, 1998; Kolega, 2003; Maupin et al., 1994). NMII-A is 

distributed along all the cell body and it is the only paralog present in protrusions, but not in 

the lamellipodium (Even-Ram et al., 2007; Vicente-Manzanares et al., 2007). Conversely, 

NMII-B is preferentially located around the nucleus in the center, and decorating thick actin 

bundles at the rear of the cell (Lo et al., 2004; Vicente-Manzanares et al., 2007) (Fig. I5). 

Both paralogs play overlapping as well as unique roles, which underlies the importance of 

the fine tuning regulation of these processes.     

A schematic representation of a migratory cell is shown in Fig. I5. In order to initiate 

migration, cells must extend their plasma membrane in the direction of movement, which 

requires remodeling of the actin cytoskeleton. Lamellipodia (Lp) are broad, sheet-like thin 

(100-200 nm high) protrusions (Koestler et al., 2009) that contain branched actin actively 
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driven by Arp2/3 nucleation.  Arp2/3 promotes the formation of a branched network of thin, 

short actin filaments (Galbraith and Sheetz, 1999; Machesky and Gould, 1999). Dendritic 

actin is restricted to the first µm of the protrusive edge of the cell. Immediately behind the 

Lp, the lamellum (Lm) (1-5 µm depending of the cell type) displays actin filaments organized 

in large bundles decorated with NMII (Cramer et al., 1997; Ponti et al., 2004). Behind the 

Lm, the cell body contains the nucleus and most organelles. In most cells, the Lp does not 

contain NMII (Burnette et al., 2011; Ponti et al., 2004). Conversely, the Lm displays graded 

assemblies of NMII that are involved in adhesion stabilization. By controlling adhesion 

maturation, NMII regulates protrusiveness  (Vicente-Manzanares et al., 2011). On one hand, 

increased adhesion size constitutes an anti-protrusive signal because the cell exerts traction 

on the substratum, which translates to the plasma membrane and function as a protrusive rein 

(Schwarz and Gardel, 2012). NMII also controls the rate of retrograde flow in the Lm, which 

counterbalances the forward actin polymerization force of the Lp, therefore controlling 

protrusiveness (Lin et al., 1996). In this view, NMII is a master regulator of the adhesive 

clutch, which relates protrusion driven by actin polymerization and adhesion to the 

substratum to promote cell migration (Mitchison and Kirschner, 1988). Within the framework 

of this model, it has been shown  that NMII inhibition promotes membrane protrusion and 

ruffling (Cai et al., 2006; Osteikoetxea-Molnar et al., 2016; Vicente-Manzanares et al., 2007) 

while increasing NMII decreases protrusiveness (Vicente-Manzanares et al., 2007). 

Interestingly, while reducing either NMII paralog has a similar effect on the protrusive speed, 

MHCII-B-depleted cells have multiple simultaneous protrusions resulting in cells with no 

clear front or rear (Lo et al., 2004; Vicente-Manzanares et al., 2007). Conversely, MHCII-A-

depleted cells display large asymmetric protrusions (Cai et al., 2006; Vicente-Manzanares et 

al., 2007) and are aberrantly polarized (Vicente-Manzanares et al., 2007) with a loss of 

cytoplasmic coherence and potential cytoplasmic fragmentation (Cai et al., 2010).  

Protrusion is a highly coordinated processed achieved by the integration of many signals. 

Small Rho GTPases family (Rac1, RhoA and Cdc42) arises as the central coordinators of the 

actin nucleation in Lp and actin reorganization in Lm. Rho GTPases belong to the Ras 

superfamily of low molecular weight GTPases. In general, these molecules bind to and 

activate their effectors when are membrane-bound and loaded with GTP; whereas they are 

inactive when cytoplasmic and GDP-loaded (Hall, 2012). Precise spatiotemporal 

coordination of the members of this family is required for the generation of productive 

directional migratory protrusion formation and upkeep (Machacek et al., 2009). Rac is critical 

for the generation of actin-based protrusion and ruffling (Ridley et al., 1992). Cdc42 also 
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Figure I5. Schematic representation 

of a migrating mesenchymal cell. 
The front part of the cell (top) is 

undergoing protrusion driven by the 

polymerization of actin filament 

networks (small, red branched 

filaments). In the lamellipodium, new 

nascent adhesions assemble (blue 

round dots). Behind this structure 

resides the lamellum, in which NMII 

forms hierarchically-organized 

actomyosin bundles that stabilize 

nascent adhesion into elongated focal 

complexes (blue ellipsoidal dots). 

Note the gradient-wise distribution of 

NMII-A (magenta) and NMII-B 

(green) along the cell body.  

 

participates in protrusion and is the main regulator of filopodia formation (Kozma et al., 1995; 

Nobes and Hall, 1995). It also participates in the asymmetric distribution of cellular 

components, e.g. the nucleus, cellular polarization and migratory directionality in 2D 

(Etienne-Manneville, 2004). RhoA function was previously thought to be restricted to 

contractility and tail retraction (Ridley et al., 2003). Nevertheless, RhoA also participates at 

the tip of the leading edge of migrating cells (Machacek et al., 2009), controlling the linear 

extension of Arp2/3-dependent branched filaments by the action of formins (Campellone and 

Welch, 2010).  The spatiotemporal coordination of Rho GTPases is crucial for cell migration. 

This is achieved through the regulation of complex signaling networks that include Rho 

GTPase activators (GTP Exchange Factors, GEFs) and inhibitors (GTP Activating Proteins, 

GAPs, and GDP-Dissociation Inhibitors, GDIs) (Goicoechea et al., 2014). Also, members of 

the Rho GTPases family can cooperate or antagonize each other (Guilluy et al., 2011; Sander 

et al., 1999). 

 

 

 

 

In 2D, mesenchymal cells display prominent focal adhesive plaques containing the actin 

cross-linker -actinin (Lazarides and Burridge, 1975) which were later termed focal 

adhesions (FA) (Heath and Dunn, 1978). FA are classified according to their position, size 

and dynamics, forming a continuum in which some types of adhesions act as precursors for 

others. A schematic representation of the stages of focal adhesion formation can be seen in 

Fig. I6. The earliest adhesions appear in the Lp. These nascent adhesions (NA) are small 
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(<250 nm diameter), independent of NMII and turnover rapidly (<120s) (Alexandrova et al., 

2008; Choi et al., 2008). They remain stationary with respect to the Lp during their brief 

existence (Choi et al., 2008). When the Lp surpasses them as the cell migrates, they can either 

disassemble or mature into elongated structures. The percentage of adhesion turnover or 

disassembly depends intrinsically on the cell type and/ or the amount of NMII (Vicente-

Manzanares et al., 2007; Webb et al., 2004). This is due to the fact that NMII-A-driven 

coalescence of lamellipodial, branched actin into bundled filaments in the Lm also triggers 

nascent adhesion elongation into focal complexes (FX), which are Rac-dependent (Rottner et 

al., 1999). These structures are still small and can undergo disassembly (Vicente-Manzanares 

et al., 2011; Webb et al., 2004). However, the subsequent recruitment of NMII-B to the rear 

edge of NMII-A-decorated bundles increases elongation, inhibits turnover and extends the 

lifetime of the adhesions, which become FA (Vicente-Manzanares et al., 2011). Some of the 

functions of NMII are driven by its actin crosslinking capability, that is, in a contraction-

independent manner, as adhesions still evolve as described in cells expressing motor-deficient 

mutants of NMII (Choi et. 2008).  

 

 

 

Figure I6. Schematic representation of the stages of focal adhesion formation.  Newly 

assembled nascent adhesions (NA) in the lamellipodium can turnover or stabilize upon 

attachment to filament. Recruitment of NMII-A to this filament partially stabilizes the adhesion, 

turning them into focal complexes (FX). Nevertheless, they are still unstable and can easily 

turnover. Subsequent NMII-B incorporation causes adhesion to elongate and mature, creating a 

stable focal adhesion (FA), which later can evolve into fibrillar adhesions (FBA). Central stress 

fibers are decorated with both NMII paralogs.  
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As bundles become larger, FA grow in size and ability to reorganize the underlying 

extracellular matrix, becoming fibrillar adhesions (FBA). At the cell rear, adhesive structures 

(mainly FA and FBA) must disassemble to allow productive forward displacement of the cell. 

Disassembling adhesions display centripetal sliding motion across the substrate as the rear 

retracts (Ballestrem et al., 2001; Hu et al., 2007; Palecek et al., 1996; Smilenov et al., 1999; 

Sun et al., 2016). The nature of this translation can occur as component slippage, i.e. actual 

translation of the components (Sun et al., 2016); or it can follow a treadmilling process, with 

mainly immobile components undergoing polarized disassembly at one pole of the adhesion 

and assembly at the other (Ballestrem et al., 2001; Digman et al., 2008).  

Migratory front-back polarization is the basis of directional cell motility. It relies on the 

establishment and maintenance of an asymmetric, coordinated distribution of signaling 

cascades and cellular components. NMII is a major polarity determinant in migrating cells. 

NMII-mediated contractility initiates symmetry breaking by forming a rear (Verkhovsky et 

al., 1999; Yam et al., 2007), which allows the formation of the protrusive leading edge in the 

opposite side of the cell. Signaling pathways that promote rear formation inhibit protrusion 

formation (Vicente-Manzanares et al., 2011; Xu et al., 2003). The trailing edge of a migrating 

cell displays different morphologies in different cell types and environments. Single cell 

mesenchymal migratory cells, e.g. endothelial cells or fibroblasts, display a marked, 

triangular-shaped rear. In all cases, thick actomyosin bundles decorate the rear, with stable 

FAs/ FBAs at their end. Conversely, fish keratocytes and melanocytes show a flat, fan-shaped 

rear with bundles parallel to the leading edge (Keren et al., 2008). Amoeboid migrating cells 

as leukocytes, have short rears (uropods), which contain smaller actin bundles decorated with 

NMII and adhesive components that determine polarized movement (reviewed in (Sánchez-

Madrid and Serrador, 2009)). In 3D migration models, front-back polarity is less defined, but 

NMII still localizes to the posterior part of the cell participating in cell polarization, nuclear 

positioning and directional migration (Moreno-Arotzena et al., 2015; Raab et al., 2012; 

Thomas et al., 2015). 

NMII-B is the main paralog responsible for front-to-back polarization (Lo et al., 2004; 

Vicente-Manzanares et al., 2007). While NMII-A is highly dynamic and controls actomyosin 

bundling and adhesion formation in protrusions (Cai et al., 2006; Vicente-Manzanares et al., 

2007), NMII-B localizes asymmetrically to the central and posterior part of migrating cells, 

where it creates thick actin bundles and large stable adhesions determining the trailing edge 

of the cell in stiff substrates (Raab et al., 2012; Vicente-Manzanares et al., 2008). It has also 
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been directly implicated in the mediation of durotaxis, which is the tendency of cells to crawl 

from soft to stiff matrixes (Raab et al., 2012). The rearward accumulation of stable 

actomyosin bundles and adhesions complexes nucleate signaling molecules that prevent 

protrusive activity, mainly by inhibiting Rac activation (Vicente-Manzanares et al., 2011). 

NMII-B also controls the repositioning of the microtubule-organizing centre (MTOC) and 

Golgi apparatus during polarized migration, providing cues for nuclear repositioning 

(Vicente-Manzanares et al., 2007). Cdc42 acts via a downstream pathway involving some 

PARtioning defective (Par) proteins and aPKC, which controls the reorientation of the 

MTOC, the rearward movement of the nucleus and the central positioning of the centrosome, 

necessary for directed cell migration (Etienne-Manneville and Hall, 2001; Gomes et al., 

2005). In mesenchymal 3D migration, NMII-B also localizes at the back determining the rear 

of the cell and facilitating nucleus translocation during migration (Thomas et al., 2015). 

The specific and overlapping functions of the NMII paralogs converge in the establishment 

of front-back polarity in migrating cells. Paralog-specific migratory functions are well 

illustrated in single MHCII isoform depletion phenotypes. MHCII-A depletion impairs 

adhesion maturation at the cell front (Choi et al., 2008; Vicente-Manzanares et al., 2007). 

Nascent adhesions are not inhibited by MHCII-A depletion, but none of them mature. 

Another major feature of MHCII-A depletion is that tails become excessively long due to a 

failure in tail retraction during migration (Vicente-Manzanares et al., 2007). In these cells, 

NMII-B appears largely disorganized with few sparse bundles at the rear (Vicente-

Manzanares et al., 2011). On the other hand, MHCII-B-depleted cells exhibit multiple random 

multidirectional protrusions (Lo et al., 2004). They have NMII-A decorated actin bundles, 

but smaller and less elongated adhesions (Vicente-Manzanares et al., 2011). These cells lack 

a clear front and back. This defect is accompanied by other polarity-related defects, including 

impaired nucleus anchorage, sparse and depolarized Golgi apparatus and a misplaced MTOC 

(Vicente-Manzanares et al., 2007).  

In order to determine the degree of functional overlap between paralogs, various groups have 

performed cross-rescue experiments. Overexpression of MHCII-A, which increases the 

amount of the NMII-A paralog, in MHCII-B-depleted cells was able to restore adhesion 

maturation, but not the polarity loss or the multi-directional protrusion (Vicente-Manzanares 

et al., 2011). Neither does rescue the change of growth cone turning caused by the loss of 

NMII-B in explanted neurons of NMII-B knockout mice (Turney and Bridgman, 2005). 

Conversely, MHCII-B overexpression (which increases availability of the NMII-B paralog) 
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in MHCII-A-depleted cells was unable to rescue the stabilization of nascent adhesions in the 

leading edge, rendering many small dynamic adhesions. Nevertheless, large central adhesions 

were partially rescued. The depletion and cross-rescue experiments support that a NMII-A-

decorated actin scaffold structures facilitate the incorporation and function of NMII-B. This 

led to the idea of a functional hierarchy of the paralogs in terms of their incorporation, 

functional bundling and maintenance of actin filaments (Vicente-Manzanares et al., 2011). 

However, these data also suggest that the non-overlapping roles on each NMII paralog in 

different cells and tissues may differ depending on several key aspects, including the 

availability of each NMII paralog, their relative proportion and the ability of the cell to 

activate NMII through adhesions, chemical or mechanical signals (e.g. growth factors, 

cytokines, external forces, etc.). Importantly, most of these signals converge on the regulation 

of NMII through RLC phosphorylation (mainly on Ser19), hence their specific features 

should reside in the MHCII isoform. In this regard, expression of mutants of MHCII-A and 

MHCII-B in which the tails were swapped demonstrated that the subcellular distribution and 

assembly properties of the corresponding paralogs depend of the C-terminal region 

(Sandquist and Means, 2008; Vicente-Manzanares et al., 2008). In vertebrates, MHCII-A and 

II-B display close to 90% amino acid sequence homology, whereas MHCII-C is 64 and 81% 

homologous to MHCII-A and II-B, respectively (Golomb et al., 2004). The majority of the 

differences reside within the C-terminal region (Fig. I7). 

 

 

Figure I7.  Alignment of the C-terminal regions of human MHCII isoforms. Discrepancy 

(red), identity (blue) or similarity (green) in the amino acid sequence. P, in bold is the domain 

breaking proline between the coiled-coil and non-helical domains. Myosin-9 (MHCII-A) NCBI 

Reference: NP_002464.1; myosin-10 isoform 2 (MHCII-B) NCBI Reference: NP_005955.3; 

myosin-14 isoform 2 (MHCII-C) NCBI Reference: NP_079005.3. 
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Early studies assigned a key role to the tail domain in the regulation of myosin II assembly. 

Ed Korn’s group showed that Dictyostelium discoideum myosin II is phosphorylated in this 

region, and that these phosphorylations functionally regulate myosin II assembly (Collins et 

al., 1982; Kuznicki et al., 1985). At the same time, several phosphorylatable residues were 

described in the tail of NMII in macrophages (Trotter et al., 1985). Since then, several 

isoform-dependent phosphorylations have been identified in this region, underlying 

differential assembly properties. MHCII-A contains various phosphorylatable residues that 

are substrates of TRMP6/7 (Clark et al., 2008) and CKII (Murakami et al., 1998) (Fig. I4). 

The most widely studied phosphorylation is Ser1943 in the non-helical tail domain of MHCII-

A.  This post-translational modification is induced upon EGF (epidermal growth factor) 

stimulation and impairs NMII-A filament assembly (Dulyaninova et al., 2007). 

Phosphomimetic mutants of this residue  cause increased filament turnover and reduced 

assembly (Raab et al., 2012) as well as increased lamellipodium extension compared to 

NMII-A wild type (Dulyaninova et al., 2007). On the other hand, the non-phosphorylatable 

mutant of this site increases actomyosin bundling and reduces lamellipodium extension 

(Dulyaninova et al., 2007). Interestingly, some of these functions appear separable and cell 

type-dependent, since dephosphorylation of Ser1943 is necessary for durotaxis, NMII-B 

polarization to the rear (Raab et al., 2012) and carcinoma cell migration  (Dulyaninova et al., 

2007), but not for human mesenchymal stem cell migration (Raab et al., 2012). This 

modification has been found to be induced during the epithelial to mesenchymal transition 

(Beach et al., 2011) and is elevated in human glioblastoma samples (Ivkovic et al., 2012). On 

the other hand, analysis of  NMII-B has revealed a number of  phosphorylations within the 

coiled-coil domain of MHCII-B (Clark et al., 2008; Li et al., 2006) and the non-helical chain 

domain (Rosenberg and Ravid, 2006) that regulate filament assembly. In this study, we have 

focused on the role of a group of phosphorylatable serine residues within a short motif at the 

beginning of the non-helical tail of MHCII-B (1935-1941) that act as a master controller of 

the specific functions of the NMII-B paralog. Phosphomimetic and non-phosphorylatable 

mutants together with mass spectrometric analysis identify Ser1935 as the main regulatory 

site within this amino acid motif. Our data demonstrate that this motif uniquely controls the 

ability of NMII-B to generate stable front-rear polarity and control protrusion and adhesion 

dynamics in migrating cells.
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Due to the presence of a serine-rich motif in the non-helical isoform-divergent region of 

MHCII-B that is absent in MHCII-A, we postulate that this motif underlies some of the 

functional differences between paralogs. 

In order to challenge our hypothesis, our aims are: 

1)  Assess the function of the 1935-41 serine-rich motif of the non-helical tail of MHCII-B. 

2)  Study the regulation of the MHCII-B 1935-41 motif through phosphorylation. 

3)  Identify the relative role of each of the serines within the MHCII-B 1935-41 motif. 

4)  Dissect the regulation of the NMII-B functions through the MHCII-B 1935-41 motif. 

5) Analyze some of the signals that control the regulation of MHCII-B 1935-41 motif. 
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Antibodies against the following molecules were used: MHCII-A (used at a 1:2000 dilution; 

rabbit IgG; Covance) and MHCII-B (1:2000; rabbit IgG; Covance); FLAG (1:5000 mouse 

IgG; Sigma-Aldrich); vinculin (1:500; clone hVin-1; mouse IgG; Sigma-Aldrich). Phalloidin 

(1:200) and secondary antibodies (1:500; goat IgG against mouse or rabbit) conjugated to 

Alexa Fluor dyes (Alexa Fluor 488, 568, or 647 as indicated) were obtained from Invitrogen. 

IGF-1 (insulin growth factor) was obtained from Invitrogen. Human fibronectin and all other 

reagents were obtained from Sigma-Aldrich unless indicated otherwise.  

- mCherry was cloned by restriction site-directed PCR (AgeI/BglII) to replace GFP in the 

pEGFP-C and -N plasmid series and used throughout (pmCherry-C/N). Originally, mCherry 

(into pRSET plasmid) was kindly provided by Roger Tsien (UCSD, University of California, 

USA) and it has been previously described (Shaner et al., 2004). pEGFP-C and -N series were 

originally from Clontech/Takara Biosciences. mTeal MTFP1 plasmid was a kind gift Martin 

Alexander Schwartz (Yale University, New Haven, CT, USA).  

- GFP-MHCII-A and -B (originally provided by Bob Adelstein (NIH, Bethesda, MD, USA) 

are C-terminal fusions of the corresponding human genes in the cytomegalovirus (CMV)-

based pEGFP-C3 vector. mCherry-MHCIIA and -B and mTeal-MHCII-B were generated by 

fluorescent probe swap using the AgeI/HindIII sites.  The FLAG-tagged version of MHCII-

B was generated by overlap PCR (FLAG sequence; 5’-ATGGACTACAAGGACG 

ACGATGACAAGGGACCT-3’  flanked by the AgeI/HindIII) and swapped with GFP. The 

mTeal-MHCII-B was generated by overlap PCR (mTeal sequence as previously described 

(Day et al., 2008) was flanked by AgeI-head domain of MHCII-B-EcoRV) 

- To generate MHCII-A and MHCII-B  shRNA, the oligonucleotides 5’-GATCTGAAC 

TCCTTCGAGC-3’ (MHCII-A) and 5’-GGATCGCTAATTCAGGA-3’ (MHCII-B) were 

inserted into the appropriate pSUPER cassette according to the vector manufacturer’s 

instructions (OligoEngine). The siRNA sequences correspond to nt 1,396– 1,414 and 506–

524 of rat MIIA (NM_013194) and MIIB (NM_031520), respectively. pSUPER-MHCII 

shRNA sequences are directed against the corresponding rat/ hamster/ human MHCII genes. 
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- Vinculin shRNA sequence was a kind gift from Joan Brugge through the CMC (Cell 

Migration Consortium), where the 5’-GAGCGAATCCCAACCATAA-3’ oligonucleotide 

sequence was inserted into the pSUPER cassette according to the vector manufacturer’s 

instructions.   The siRNA sequence corresponds to nucleotides 3044-3062 of rat vinculin 

(NM_001107248.1) and has been previously described (Simpson et al., 2008). pSUPER-

vinculin shRNA sequence is directed against the corresponding rat/hamster/human vinculin 

genes. 

- Paxillin-mCherry is an N-terminal fusion of chicken paxillin in the CMV-based pEGFP-N3 

vectors (Laukaitis et al., 2001) in which EGFP was replaced with mCherry (Choi et al., 2008).   

- GFP-vinculin is a C-terminal fusion of chicken vinculin in the CMV-based pEYFP-C1 

vector (provided by S. Craig (John Hopkins School of Medicine, Baltimore, MD, USA) 

through Addgene). mCherry-vinculin was generated from GFP-vinculin by fluorescent probe 

swap from pmCherry-C1. mEOS-vinculin was a kind gift from Maddy Parsons (Kings 

College, London, UK). 

- GFP-Tpm1alpha (Tpm1α) and was a kind gift from Dipak K. Dube (SUNY Upstate Medical 

University, Syracuse, NY, USA) and has been described previously (Wang et al., 2007). 

mCherry-Tpm1α was generated by fluorescent probe swap from pmCherry-C1. 

- FLAG-tagged rat PKC-ζ (wild type and myr) constructs in the pCMV6 vector were obtained 

from A. Toker (Beth Israel Deaconess Medical Center, Boston, MA) through Addgene and 

have been described previously (Chou et al., 1998). 

 

The MHCII-A and MHCII-B mutants were constructed from the GFP-MHCII-A or GFP-

MHCII-B constructs described above. These include GFP-MHCII-B Δ5S, GFP-MHCII-

A+5S, GFP-MHCII-A+5D, GFP-MHCII-B 5×A, GFP-MHCII-B 5×D, GFP-MHCII-B 

1935A, GFP-MHCII-B 1935D, GFP-MHCII-B 1937A, GFP-MHCII-B 1938A, GFP-

MHCII-B 1938D, GFP-MHCII-B 1939A, GFP-MHCII-B 1939D, GFP-MHCII-B ADDDD, 

and GFP-MHCII-B DAAAA. All the human MHCII-B mutants include a silent mutation in 

the shRNA target sequence (TCA→AGC = Ser→Ser) that renders them    shRNA insensitive 
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(Vicente-Manzanares et al., 2007). In this table we show the primers used to create the 

different mutants by site-directed mutagenesis using the GeneTailor kit (Invitrogen). 

Following the manufacturer’s instructions, we generated forward (FW) primers with 20 

nucleotides followed by the desired mutation (lower caps) and subsequently 11-15 

nucleotides. The Reverse (RV) primers where common for the MHC isoform mutants. 

 

GFP-MHCII  Primers 5’-3’ 

MHCII-B Δ5S FW TGAGGCGGGGTGGCCCCATCGGCCGGCGCCAGCTG 

MHCII-A+5S 
FW GGCGCGGGGACCTGCCGTTTagcttctcttccagccgat

ctGTCGTGCCCCGCCGA 

MHCII-A+5D 
FW GGCGCGGGGACCTGCCGTTTgacttcgacgacgaccgag

acGTCGTGCCCCGCCGA 

MHCII-B 5×A 
FW TGAGGCGGGGTGGCCCCATCgccTTCgccgccgccCGAg

ccGGCCGGCGCCAGCTG 

MHCII-B 5×D 
FW TGAGGCGGGGTGGCCCCATCgacTTCgacgacgacCGAg

acGGCCGGCGCCAGCTG 

MHCII-B 1935A FW TGAGGCGGGGTGGCCCCATCgccTTCTCTTCCAG 

MHCII-B 1935D FW TGAGGCGGGGTGGCCCCATCgacTTCTCTTCCAG 

MHCII-B 1937A FW GGGGTGGCCCCATCAGCTTCgccTCCAGCCGATC 
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MHCII-B 1938A FW GGGGTGGCCCCATCAGCTTCgccTCCAGCCGATC 

MHCII-B 1938D FW GGGGTGGCCCCATCAGCTTCgacTCCAGCCGATC 

MHCII-B 1939A FW GTGGCCCCATCAGCTTCTCTgccCGATCTGGCCG 

MHCII-B 1939D FW GTGGCCCCATCAGCTTCTCTgacCGATCTGGCCG 

MHCII-B ADDDD FW TGAGGCGGGGTGGCCCCATCgccTTCgacgacga 

MHCII-B DAAAA FW TGAGGCGGGGTGGCCCCATCgacTTCgccgccgc 

MHCII-A RV AAACGGCAGGTCCCCGCGCCTGAGCTTGTT 

MHCII-B RV GATGGGGCCACCCCGCCTCAGCCGGTTCTT 

 

Chinese hamster ovary CHO.K1 cells (CCL-61; ATCC) were maintained in DMEM medium 

with 1 g/dl (low) glucose and supplemented with 10% FBS, 4 mM L-glutamine, 1% (vol/vol) 

non-essential amino acids, and 100 U/ml penicillin /streptomycin.  Human osteosarcoma U-

2 OS cells (HTB-96; ATCC) were maintained in McCoy’s medium supplemented with 10% 

FBS, 4 mM L-glutamine, 1% non-essential amino acids, and 100 U/ml penicillin/ 

streptomycin. Human embryonic kidney HEK293 (CRL-1593; ATCC) cells were maintained 

Table M&M 1.  Mutagenesis primers . Column on the right shows the MHCII mutants. Middle 

column indicates the direction of the primers, mutation-specific forward (FW) primers or MHCII 

isoform-specific reverse (RV) primers. Column on the left shows the primers sequences, lower 

caps indicate the inserted mutation. 
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in DMEM 4.5 g/dl glucose supplemented with 10% FBS, 1% (vol/vol) non-essential amino 

acids, and 100 U/ml penicillin/ streptomycin. The cells were maintained under normal culture 

conditions (37ºC in a humidified 5% CO2 atmosphere). 

The day before transfection 106 cells per cm2 were seeded in 6-mm dishes. On the day of the 

transfection, culture media was exchanged with OPTIMEM medium (Gibco). Cells were 

transfected with 1-2 µg DNA using 2.5 µl per µg DNA of X-tremeGENE HP (Roche). Three 

hours post-transfection, cells were washed and incubated in penicillin/streptomycin-free 

medium until analysis. For knockdown experiments, plasmids containing the shRNA 

sequences were used in a 10:1 (1 µg:0.1 µg) excess to GFP, mCherry or mEOS containing 

rescue plasmids to ensure knockdown in fluorescence-positive cells, which was verified by 

immunofluorescence in parallel samples. Analysis was performed 24 h (overexpression) or 

96 h (depletion and rescue) after transfection. U-2 OS transfected cells were assayed after 

120 h.  

For in vivo as well as staining, cells were allowed to adhere for 1-2 hours to 13 mm or 25 mm 

glass coverslips coated with 2 μg/ml fibronectin in the presence of 100 ng/ml IGF-1 for 15 

min where indicated. For staining, cells were fixed using 4% PFA for 10 min at room 

temperature, permeabilized with 0.2% Triton X-100 for 10 min, and incubated for 2 h with 

the indicated primary antibodies followed by a 1:500 dilution of the appropriate Alexa Fluor- 

conjugated antibody and/or Alexa Fluor-conjugated phalloidin (1:200 dilution) for 45 min. 

Three rinses of 5 min with TBS were performed between incubations and before mounting 

on glass slides using ProLong antifade medium. Quantification of the polarity index was 

performed on images acquired using a fluorescence microscope (DMR; Leica). The polarity 

index is the result of dividing the length of the main migration axis (which denotes the 

direction of migration) by the length of the perpendicular axis that passes through the center 

of the nucleus (Vicente-Manzanares et al., 2007). Polarity index data are always represented 

as the mean ± SD of >200 cells from four independent experiments. These data did not display 

a normal distribution (according to Shapiro-Wilk’s test); thus, we used Mann-Whitney’s test 

to determine significance. 
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Part of the imaging was performed using a confocal microscope (SP5; Leica). Images were 

obtained using a 63× Plan Apochromat objective (NA 1.40) by illumination with light of the 

appropriate wavelength from a 488-nm Ar laser (fluorochromes used with this laser included 

GFP, not photo-converted mEOS or Alexa Fluor 488 as indicated), 561-nm diode-pumped 

solid-state laser (fluorochromes used with this laser included mCherry, photo-converted 

mEOS or Alexa Fluor 568 as indicated), or a 633-nm He/Ne laser (fluorochrome used with 

this laser is Alexa Fluor 647) using spectral filtering and hybrid (HyD; Leica) detectors. 

Images were collected using TCS software (Leica).  

TIRF images (using GFP- and/or mCherry-tagged probes) corresponding to Fig. R6 and 

Supplementary Videos 1-3 were acquired on an inverted microscope (IX70; Olympus) 

equipped with a 60× Apochromat N objective (NA 1.45). Excitation laser lines were 488 and 

543 nm. For dual GFP-mCherry, a dual emission filter (Z488/561) was used. Images were 

acquired with a charge-coupled device (CCD) camera (Retiga EXi; QImaging) and 

MetaMorph software (Molecular Devices). TIRF images (using GFP- and/or mCherry-tagged 

probes) from Fig. R13 and Supplementary Videos 4 and 5 were acquired on an automated 

inverted microscope (IX83; Olympus) fitted with a 60× Apochromat N 60× OTIRF (NA 1.49) 

objective, a cellTIRF Mitico Unit (Olympus), and 491/561-nm laser lines. Dual GFP-

mCherry samples were visualized with a dual emission filter (Z488/561). Images were 

captured using an electron-multiplying CCD camera (ImagEM X2; Hamamatsu Photonics) 

and Xcellence software (Olympus). In all cases, cells were kept at 5%CO2 and 37°C in 

temperature-controlled incubators. Imaging medium was CCM-1 (HyClone) or phenol red-

free DMEM (Gibco) + 10% FCS. Images were analyzed using ImageJ (National Institutes of 

Health). 

 

Confocal images for FRAP analysis were acquired using the confocal microscope (SP5) as 

described in the previous section. A representative FRAP sequece is shown in Fig M&M 1. 

Initially, a cellular area (35 μm2) that contained GFP fusion protein decorating an actomyosin 

filament or a focal adhesion was scanned three times and then a region of interest (3-4 μm2) 

was bleached using 30 scans at 100% laser power. To image the recovery of fluorescence 

intensity after photo-bleaching, we recorded 15 scans every 0.06 s, 15 scans every 1 s, and 
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subsequent scans every 3-5 s. Background subtraction and normalization were calculated 

using built-in algorithms, and normalized intensities versus time (seconds) were represented. 

FRAP data are always represented as the means ± SEM of 24 individual measurements per 

condition in four independent experiments. 

 

 

 

Confocal images for photo-conversion analysis were acquired using the confocal microscope 

(SP5) as described above. Initially, a cellular area (35 μm2) that contained a mEOS-vinculin-

decorated focal adhesion was scanned one time and then a region of interest (4-5 μm2) was 

photo-converted using 10 scans at 10% power with the 405-nm diode laser. To image the 

subsequent fluorescence intensity after photo-conversion we recorded 6 scans every 60 s with 

the 488-nm Ar laser (to visualize not photo-converted molecules) and with the 561-nm diode-

pumped solid-state laser (to visualize photo-converted molecules).  

Figure M&M 1. Representative FRAP sequence. Snapshots of a confocal time-lapse video of 

CHO.K1 cells transfected with GFP-MHCII-B wild type (top row) or GFP–MHCII-B Δ5S 

(bottom row). Arrowheads indicate the regions of interest that contain the bleached GFP-

decorated myosin bundle. The first snapshot shows the cell before photo-bleaching (prebleach). 

The second snapshot corresponds to a time point captured immediately after photo-bleaching. 

The third snapshot represents one of the last scans after photo-bleaching. Insets are close-ups of 

the indicated areas (boxes). Bars, (main images) 10 μm; (insets) 1 μm. 
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HEK-293 cells were and maintained in DMEM medium for 24 h. To inhibit phosphatase 

activity, cells were treated with 1 μM peroxovanadate and 10 nM calyculin A (EMD) 30 min 

before lysis. Subsequently cells were lysed in a buffer containing 20 mM Tris, 300 mM NaCl, 

10 mM MgCl2, and 5 mM ATP with protease and phosphatase inhibitors and 

immunoprecipitated for 90 min using 5 μl/sample of the MHCII-B antibody (Covance) and 

100 μl/sample protein A-conjugated Sepharose (GE Healthcare). The samples were rinsed 

three times with lysis buffer and resuspended in 100 μl Laemmli buffer. Samples were 

separated using 7% SDS-PAGE and stained using a commercial silver staining kit. A single 

band at 230 kD as determined by comparison to a molecular weight ruler (Bio-Rad 

Laboratories) was excised. The purified protein was reduced, alkylated, and digested in gel 

with trypsin, and peptides were extracted and desalted. A portion of the peptide mixture was 

gradient eluted on a front-end electron transfer dissociation-enabled mass spectrometer 

(LTQ-FT; Thermo Fisher Scientific). MS1 spectra were acquired in the high-resolution 

Fourier transform mass analyzer, and MS2 spectra were acquired in the linear ion trap mass 

analyzer. Additionally, the peptide mixture was enriched for phospho-peptides using iron-

IMAC after conversion of peptide carboxyl groups to methyl esters as described elsewhere 

(Ficarro et al., 2002). In brief, a 150-μm inner diameter fused-silica column with 6 cm of 

POROS MC 20 μm metal affinity bulk media (Applied Biosystems) was constructed. The 

column was rinsed with water, 50 mM EDTA, pH 9, and water again. The column was 

activated with 100 mM FeCl3 (Sigma-Aldrich) and then rinsed with 0.01% acetic acid at 1 

μl/min flow rate. Peptide methyl esters were reconstituted in a 1:1:1 solution of 

acetonitrile/methanol/0.01% acetic acid and then loaded onto the activated IMAC column at 

a flow rate of 1 μl/min. The column was washed with 1:1:1 solution and 0.01% acetic acid 

before being butt connected to a C18 pre-column, as previously described. Phospho-peptides 

were eluted onto the pre-column with 250 mM ascorbic acid (Sigma-Aldrich) at 1 μl/min; 

combined columns were washed with 0.1% acetic acid at the same flow rate. The IMAC and 

pre-column were separated after which the loaded pre-column was rinsed with 0.1% acetic 

acid before connection to an analytical column. Phospho-peptides were gradient eluted and 

mass analyzed using the methods described earlier in this section. All MS2 spectra were 

searched against a MHCII-B protein database and the human, rat, and mouse NR (non-

redundant) database using the OMSSA (Open Mass Spectrometry Search Algorithm), and 

they were manually validated by visual inspection of the spectra.  
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The distribution of the NMII paralogs in adherent cells follows a conserved pattern. NMII-A 

is distributed along the whole cell body, localizing most prominently to the anterior half of 

the cell, but outside of the leading edge (Fig. R1A-B, arrows). Conversely, NMII-B localizes 

preferentially to the center and the rear of the cell, decorating thick rear-defining actomyosin 

bundles (Fig. R1A-B, arrowheads). This distribution is representative of mesenchymal 

adherent cells, e.g. CHO.K1 (Fig. R1A), U-2 OS cells (Fig. R1B) and human endothelial 

cells (Kolega, 2003), among others.  

 

 

 

The paralog-specific cellular localization and biochemical properties of NMII-A and NMII-

B depend on the C-terminus region of the MHCII (Sandquist and Means, 2008; Vicente-

Manzanares et al., 2008). To identify unique motifs that determine the specificity in this 

region, we aligned the last 200 amino acids of human MHCII-A (NCBI Protein database 

accession number NP_002464.1) and MHCII-B (accession number NP_005955.3). Whereas 

the coiled-coil portion of both molecules displays high homology (Fig. R2, last 15 amino 

Figure R1.  Subcellular localization of NMII-A and -B paralogs. CHO.K1 (A) and U-2 OS 

(B) cells were allowed to adhere to fibronectin for 2 h and stained for the indicated endogenous 

MHCII-defining NMII paralog (green in overlay) and F-actin (magenta in overlay). Arrows point 

to the NMII-A-enriched cell front. Arrowheads point to rear-defining NMII-B-decorated bundles. 

Note the opposite gradients of the NMII paralogs: increasing towards the front (NMII-A) or the 

back (NMII-B) of the cell. Bar, 10 µm. 
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acids in lowercase and not depicted), the sequences diverge significantly beyond Pro1927 

(MHCII-A)/ Pro1933 (MHCII-B) (Fig. R2, uppercase letters). We hypothesized that these 

regions contained unique molecular motifs that control the specificity of the cellular function 

of the paralogs. One such motif, a seven amino acid region containing five serine residues 

(1935-SFSSSRS-1941) adjacent to the domain-splitting Pro in MHCII-B (Fig. R2, shaded), 

appeared particularly interesting, as it is absent from the analogous region in MHCII-A.  

 

 

 

The NMII-B paralog is an important actomyosin stabilizator that supports the assembly of 

thick actomyosin rear-defining bundles. Depletion of NMII-B using a shRNA against 

MHCII-B inhibits the formation of a clear cell front and back, increases spreading area, 

reduces the cellular content of actomyosin bundles (Fig. R3 and Vicente-Manzanares et al., 

2007) and causes multiple random multidirectional protrusion (Lo et al., 2004; Vicente-

Manzanares et al., 2007). 

 

 

Figure R2. Alignment of the non-helical domains of human MHCII-A and MHCII-B. 
Lowercase, last amino acids of the coiled-coil domain. Uppercase, non-helical tail domain. P in 

bold is the domain-breaking proline. Shaded background, serines in the 1935-1941 motif. 

Myosin-9 (MHCII-A) NCBI Reference Sequence: NP_002464.1; myosin-10 isoform 2 (MHCII-

B) NCBI Reference Sequence: NP_005955.3. 

Figure R3.  MHCII-B depletion causes a loss of cellular front-back polarity. MHCII-B–

depleted CHO.K1 cells expressing GFP (left). Cells were allowed to adhere to fibronectin for 2 

h and stained for endogenous MHCII-B (middle) and F-actin (right). Note the lack of a defined 

cell front-back polarization compared to the control cell in the bottom right corner. Bar, 10 µm. 
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To determine whether the 1935-1941 motif of MHCII-B controls the cellular function of 

NMII-B, we generated a GFP-coupled deletion mutant (GFP-MHCII-B Δ5S). GFP-coupled 

MHCII-B wild type rescued the polarity defect induced by depletion of endogenous MHCII-

B (Fig.4A-B; Vicente-Manzanares et al., 2007). In contrast, GFP-MHCII-B Δ5S was unable 

to restore front-rear migratory polarity (Fig. R4A-B). These cells displayed only small 

actomyosin bundles and almost no large, rear-defining actomyosin bundles (Fig. R4A, 

bottom right). FRAP analysis of the mutant (as shown in Fig. M&M 1) revealed an increased 

fractional recovery compared with MHCII-B wild type, consistent with a decreased stability 

of the mutant in actomyosin bundles (Fig. R4C). These data indicate that this poly-serine-

containing motif is required for NMII-B to generate large bundles that support front-back 

polarity in mesenchymal cells. 

 

 

Figure R4.  Deletion of the 1935-1941 amino 

acid region of MHCII-B determines the 

dynamics of NMII-B that control front-back 

cell polarization in CHO.K1 cells. (A) MHCII-

B-depleted cells expressing shRNA-resistant 

GFP-MHCII-B wild type (left column, top row) 

or GFP-MHCII-B Δ5S (left column, bottom 

row). F-actin staining (right column). Arrows 

point to rear-defining NMII-B-decorated actin 

bundles. (B) Polarity index of MHCII-B-

depleted cells rescued or not rescued with the 

constructs shown in A. Polarity index is 

calculated as indicated in Materials and 

methods. Data are the means ± SD of >200 cells 

from four independent experiments; p-value is 

the significance according to Mann-Whitney’s 

test. Bar, 10 µm. (C) FRAP curves of constructs 

shown in A. Data are the means ± SEM of 24 

individual measurements per condition in four 

independent experiments.  
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Similar observations regarding the polarity and the actomyosin bundles were made in MHCII-

B-depleted U-2 OS cells, rescued or not with GFP-MHCII-B wild type or Δ5S. (Fig. R5)  

 

 

 

To address whether this motif is sufficient to define the specific functions of NMII-B in front-

rear polarity, we inserted the 1935-1941 region into the analogous position (two amino acids 

after the domain-splitting Pro) of the non-helical domain of MHCII-A (GFP-MHCII-A+5S). 

This insertion produced a NMII-A mutant with properties similar to those of NMII-B. Unlike 

GFP-MHCII-A wild type (Fig. R6A, top and Supplementary Video 1, right), GFP-MHCII-

A+5S was not present in protrusions, displaying a central subcellular distribution (Fig. R6B, 

top and Supplementary Video 2, right). Furthermore, it did not rescue the adhesion 

maturation defect observed in cells depleted of endogenous MHCII-A (Fig. R6C and 

Supplementary Video 3). Adhesion maturation was restored by expression of GFP-coupled 

MHCII-A wild type (Fig. R6A and Supplementary Video 1, left) but not of MHCII-B wild 

type (Vicente-Manzanares et al., 2007).  

 

Figure R5.  Deletion of the 1935-1941 motif of MHCII-B alters NMII-B bundling and causes 

loss of front-rear cellular polarity in U-2 OS cells. Control U-2 OS depleted of endogenous 

MHCII-B using pSUPER-MHCII-B and reconstituted with GFP-coupled MHCII-B wild type (top 

row) or MHCII-B Δ5S (bottom row) constructs (green in overlay). Cells were allowed to adhere 

to fibronectin for 2 h and stained for NMII-A (magenta in overlay) and F-actin (blue in overlay). 

Arrows point to rear-defining NMII-B-decorated actin bundles. Note the lack of comparable 

bundles in MHCII-B Δ5S-expressing cells. Bar, 10 µm. 
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Importantly, GFP-MHCII-A+5S rescued the polarity defect induced by depletion of 

endogenous MHCII-B, generating large, rear-defining actomyosin bundles (Fig. R7A and not 

depicted). FRAP analysis revealed a decreased fractional recovery of this mutant when 

compared with MHCII-A wild type (Fig. R7B). These results show that the presence of this 

motif in the non-helical tail of MHCII, controls the ability of NMII to support large and stable 

actomyosin bundles. 

Figure R6.  Insertion of the 1935-1941 region of MHCII-B into the equivalent position of 

MHCII-A promotes NMII-B-like localization and dynamics. Snapshots of TIRF microscopy 

time-lapse videos of MHCII-A-depleted CHO.K1 cells transfected with paxillin-mCherry alone, 

to identify adhesions (no rescue; C), or co-transfected with paxillin-mCherry and GFP-MHCII-

A wild type (rescue; A) or GFP-MHCII-A+5S (B). Cells were plated on fibronectin and allowed 

to attach for 45 min. Images were obtained every 5 s. Note the lack of elongated adhesions in 

protrusions in B and C, and the different distance of the GFP-labeled MHCII-A wild type (A), 

and MHCII-A+5S (B) filaments to the paxillin-decorated leading edge. Images extracted from 

Supplementary Videos 1-3. Bar, 10 µm. 
 



58 

 

 

 

Five of the seven residues of the 1935-1941 motif are serines (Fig. R2). We hypothesized 

that these serine residues regulate the cellular function of NMII-B by phosphorylation. To 

test this, we replaced the five serines with alanine (MHCII-B 5×A mutant, non-

phosphorylatable) or with aspartic acid (MHCII-B 5×D mutant, phosphomimetic). Rescue of 

endogenous MHCII-B depletion using MHCII-B 5×A restored front-back polarization to 

levels comparable to MHCII-B wild type (Fig. R8A-B). The mutant localized mainly in large 

bundles defining the cell sides and its rear (Fig. R8A). Conversely, MHCII-B 5×D failed to 

restore front-back polarity, resulting in poorly defined actomyosin bundles distributed 

throughout the cell (Fig. R8A-B). FRAP analysis showed that the fractional recovery of 

MHCII-B 5×A was comparable to MHCII-B wild type, whereas it was increased in MHCII-

B 5×D (Fig. R8C). These data show that serine phosphorylation in this amino acid stretch is 

a negative regulator of NMII-B-dependent actomyosin assembly. 

Figure R7.  Insertion of the 1935-1941 region of MHCII-B into MHCII-A increases the 

stability of NMII-A and its ability to control front-back cell polarization. (A) Polarity index 

of MHCII-B-depleted cells not rescued or rescued with the MHCII-A+5S mutant. Data are the 

means ± SD of >200 cells from four independent experiments. (B) FRAP curves of GFP-MHCII-

A wild type and GFP-MHCII-A+5S. Data are the means ± SEM of 28 individual measurements 

per condition in four independent experiments.  
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To address whether addition of negative charge modulates the regulation through the 1935-

1941 motif, we inserted the phosphomimetic (+5D) version of the 1935-1941 motif in the 

equivalent position of MHCII-A (Pro+2). FRAP analysis of MHCII-A +5D mutant showed 

decreased stability compared to MHCII-A wild type and MHCII-A +5S (Fig. R9). These data 

suggest that the introduction of negative charge in this region (for example, upon serine 

phosphorylation) could be a general regulatory mechanism of NMII filament stability. 

Figure R8.  Phosphomimetic mutation of the five serines motif of the non-helical domain of 

MHCII-B decreases NMII-B stability and front-back polarization. (A) MHCII-B-depleted 

CHO.K1 cells expressing the indicated shRNA-resistant GFP-MHCII-B mutants. Column on 

right depicts GFP. (top) Wild type; (middle) 5×A; (bottom) 5×D. Left column is F-actin. Note the 

lack of polarity in the cell rescued with the MHCII-B 5×D mutant. Representative examples are 

shown. Bars, 10 μm. (B) Polarity index of MHCII-B-depleted cells rescued or not rescued with 

the constructs shown in A. Data are the means ± SD of >200 cells from four independent 

experiments. (C) FRAP curves of the GFP-MHCII-B mutants used in A and B. Data are the means 

± SEM of 24 individual measurements per condition in four independent experiments. 
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We next sought to determine the contribution of the individual serine residues within the 

1935-1941 motif to the regulation of NMII-B function. To do this, we analyzed the 

phosphorylation of endogenous MHCII-B by mass spectrometry (MS). Three serines 

(Ser1935, Ser1938, and Ser1939; Table R1 and Fig. R10) were phosphorylated with relative 

abundances ranging from 1-2% (Ser1935 and Ser1939) to 5-10% (Ser1938). Phosphorylation 

of Ser1937 and peptides containing two phosphorylated serines were detected only in 

immobilized metal affinity chromatography (IMAC)-enriched preparations (see Materials 

and methods for details; Table R1). These data suggest that phosphorylation of Ser1935 and/ 

or Ser1938 and/ or Ser1939 or a combination of these residues regulates NMII-B. 

 

 

Figure R9. Insertion of a fully 

phosphomimetic version (+5D) of the 1935-

1941 motif of MHCII-B into MHCII-A 

decreases its stability in actomyosin bundles. 

FRAP curve of GFP-MHCII-A +5D showing 

increased fractional recovery compared with 

GFP-MHCII-A wild type. The curve of GFP-

MHCII-A+5S used in Fig. R7 B is shown again 

for reference. Data are the means ± SEM of 24 

individual measurements per condition in four 

independent experiments. 

Table R1.  Phosphorylated residues within the non-helical tail domain of endogenous 

MHCII-B identified by mass spectrometry. Asterisks indicate bisphosphorylated forms of the 

peptide, although the specific combination of phosphorylated sites is not distinguishable from the 

MS/MS spectra. Plus signs denote positive detection of the indicated phosphorylation; minus 

signs denotes negative (no) detection of the indicated phosphorylation. Bold letters indicate the 

phosphorylated residue that has been positively detected or not detected within each peptide. 
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Figure R10.  Mass spectrometry detection of endogenous phosphorylations in the non-

helical tail of MHCII-B in CHO.K1 cells. (A) Extracted ion chromatogram of endogenous 

monophosphorylated MHCII-B peptide Gly1931-Arg1940 with the three different detected 

phosphorylations. Data are representative of three experiments performed. (B) MS/MS spectrum 

of phosphorylated Ser1935. CAD MS/MS spectrum acquired in the ion trap of an Front End 

Electron Transfer Dissociation enabled LTQ-FT of the [M + 2H]2+ ion (mass per charge [m/z] of 

537.73) corresponding to the endogenous MHCII-B tryptic peptide GGPIsFSSSR phosphorylated 

on Ser1935. Identified product ions of the b´ and y´ types are indicated in the spectrum and by 

underlining in the peptide sequence and are sufficient to determine that the spectrum is that of the 

peptide phosphorylated on Ser1935.  
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Importantly, Ser1935 phosphorylation was reported in large-scale phosphoproteomics efforts 

carried out in HeLa cells (Olsen et al., 2010; Zhou et al., 2013) and liver extracts (Bian et al., 

2014). We next focused on the specific role of each serine of the 1935-1941 motif by 

generating single phosphomimetic and non-phosphorylatable mutants for Ser1935, Ser1938 

and Ser1939. All the single non-phosphorylatable (S to A) mutants displayed FRAP 

recoveries similar to that of GFP-MHCII-B wild type (Fig. R11A). Likewise, mutating 

Ser1938 or Ser1939 to Asp (S to D) had no significant effect. However, the MHCII-B 1935D 

mutant displayed an elevated fractional recovery (Fig. 11B). Also, this mutant was unable to 

rescue the depolarized phenotype caused by NMII-B depletion in CHO.K1 (Fig. R11C; 

representative examples shown in Figs. R13B; R17A; R18A and R19) and in U-2 OS cells 

(representative example shown in Fig. R16). 

 

 

 

Figure R11.   Ser1935 is the main residue of 

the 1935-1941 motif that regulates the 

stability of NMII-B in actomyosin bundles. 
(A) FRAP curves of GFP-MHCII-B wild type 

and single mutation Ser1935A, Ser1938A, and 

Ser1939A constructs. (B) FRAP curves of 

GFP-MHCII-B wild type and single mutation 

Ser1935D, Ser1938D, and Ser1939D mutants. 

(A-B) Data are the means ± SEM of 24 

individual measurements per condition in four 

independent experiments.  (C) Polarity index of 

MHCII-B-depleted cells rescued or not recued 

with GFP-MHCII-B wild type, GFP-MHCII-B 

1935A or GFP-MHCII-B 1935D constructs. 

Data are the means ± SD of >200 cells from 

four independent experiments. 
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To confirm that Ser1935 is the main regulatory residue in this motif, we mutated Ser1935 to 

Asp together with the rest of the Ser to Ala (DAAAA), and vice versa (ADDDD). The 

MHCII-B DAAAA mutant behaved like the MHCII-B 1935D mutant, displaying high 

fractional recovery after photo-bleaching and an inability to restore polarization in MHCII-

B-depleted cells. In contrast, the MHCII-B ADDDD mutant restored cell polarization, and its 

fractional recovery after photo-bleaching was slightly higher than MHCII-B wild type or the 

MHCII-B 1935A mutant (Fig. R12A-B). This might indicate a secondary cooperative 

function of the other serines present in the motif.  Thus, Ser1935 acts as an on/off switch: 

when dephosphorylated, NMII-B is stable and forms large filaments; when phosphorylated, 

it forms less stable filaments.  

 

 

 

To address the role of Ser1935 phosphorylation in establishing migratory front-back 

polarization, we observed MHCII-B-depleted CHO.K1 cells reconstituted with GFP-coupled 

MHCII-B wild type or the 1935D mutant and a mCherry-labeled adhesion marker (vinculin) 

using total internal reflection fluorescence (TIRF) microscopy. Cells reconstituted with the 

Figure R12. Ser1935 is the main residue of the 1935-1941 motif that governs the cellular 

function of NMII-B through phosphorylation. (A) FRAP curves of MHCII-B-depleted cells 

reconstituted with GFP-MHCII-B wild type, DAAAA or ADDDD constructs. Data are the means 

± SEM of 24 individual measurements per condition in four independent experiments. (B) 

Polarity index of MHCII-B-depleted cells rescued or not recued with the constructs in A. Data 

are the means ± SD of >200 cells from four independent experiments. 
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MHCII-B 1935D mutant displayed intermittent protrusions along the cellular perimeter (Fig. 

R13B and Supplementary Video 5), whereas MHCII-B wild type-expressing cells displayed 

non-protrusive, MHCII-B-containing stable rears (Fig. R13A and Supplementary Video 4). 

These experiments suggest that Ser1935 phosphorylation impairs the ability of NMII-B to 

locally suppress protrusion.  

 

 

 

Figure R13. Ser1935 controls NMII-B ability to locally suppress protrusion during front-

back polarization. Snapshots of TIRF microscopy time-lapse videos of MHCII-B-depleted 

CHO.K1 cells co-transfected with shRNA-resistant GFP-MHCII-B wild type (A) or GFP-MHCII-

B 1935D (B) and mCherry-vinculin. Arrows point to protrusive areas of the cell. Arrowheads 

point to regions with NMII-B- decorated filaments. Bars, 10 μm. Images extracted from 

Supplementary Videos 4 and 5. 
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NMII-A forms puncta in protrusive areas, whereas NMII-B seldom appears in these regions 

(Kolega, 2003; Vicente-Manzanares et al., 2008). Confocal imaging revealed that GFP-

MHCII-B 1935D was prominently localized to protrusions in CHO.K1 cells (Fig. 14, bottom 

row). On the contrary, GFP-MHCII-B wild type and the 1935A mutant seldom found in these 

regions in CHO.K1 cells (Fig. R14, top and middle rows). 

 

 

 

Also, whereas GFP-MHCII-B wild type appeared behind a NMII-A-only region immediately 

posterior to the lamellipodium, the GFP-MHCII-B 1935D mutant appeared interspersed with 

NMII-A and close to the leading edge (Fig. R15B). Live-cell confocal imaging experiments 

Figure R14. Ser1935 controls the architecture of the leading edge. MHCII-B-depleted 

CHO.K1 cells transfected with the indicated GFP-MHCII-B constructs (green in overlay) were 

plated on fibronectin, allowed to attach for 2 h, treated with IGF-1 (insulin growth factor) for 15 

min, fixed, and stained for F-actin (magenta in overlay). Bars 10 μm. 
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showed that the GFP-MHCII-B 1935D mutant formed numerous puncta within protrusions 

(Fig. R15A, bottom, and Supplementary Video 7, left) whereas GFP-MHCII-B wild type 

puncta seldom localized to these regions (Fig. R15A, top and Supplementary Video 6, left). 

These results suggest that Ser1935 is a crucial regulator of NMII-B assembly and dynamics, 

and its phosphorylation status controls the proper localization and function of this paralog.  

 

 

 

Figure R15. Ser1935 controls the exclusion of NMII-B from the leading edge. (A) Snapshots 

of confocal time-lapse videos of GFP-MHCII-B wild type (top) or the 1935D mutant (bottom). 

The edge of the cell was obtained from corresponding phase-contrast images. Arrowhead in the 

GFP-MHCII-B wild type image indicates a protrusion devoid of small puncta corresponding to 

NMII-B wild type; arrows in the GFP-MHCII-B 1935D image indicate small puncta 

corresponding to the mutant appearing within the protrusion. Bars, 10 μm. Images extracted from 

Supplementary Videos 6 and 7. (B) CHO.K1 cells transfected with the indicated GFP-MHCII-B 

constructs (green in overlay) were plated on fibronectin, allowed to attach for 2 h, treated with 

IGF-1 for 15 min and fixed. Cells were stained for F-actin (blue in overlay) and endogenous 

NMII-A (magenta in overlay). endo, endogenous. Bars, 5 μm  
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This altered location of the MHCII-B 1935D in the cell front was also observed in U-2 OS 

cells. MHCII-B-depleted U-2 OS cells reconstituted with GFP-MHCII-B 1935D display a 

non-polarized distribution of NMII-B instead of the typical gradient of the molecule observed 

in control cells. Also, the mutant appears closer to the leading edge, even localizing inside it 

in a typical NMII-A-like fashion (Fig. R16, arrows). Conversely, rescue with GFP-MHCII-

B wild type promoted a normal localization of the NMII-B paralog (Fig. R16, arrowheads).  

 

 

 

We next sought to investigate if non-contractile, forced stabilization of the filaments could 

overcome the effect of MHCII-B 1935D. For that purpose we used tropomyosin 1α (Tpm1α), 

which stabilizes actomyosin filaments without interfering with NMII ATPase activity, actin 

binding, kinetics or motile functions. Tpm1α specifically regulates the muscle myosin, but 

Figure R16.   Ser1935 regulates NMII-B localization in U-2 OS cells. . U-2 OS cells depleted 

of endogenous MHCII-B using pSUPER-MHCII-B rescued with GFP-coupled MHCII-B wild 

type (top row) or MHCII-B 1935D (bottom row; green in overlay) were allowed to adhere to 

fibronectin for 2 h and stained for NMII-A (magenta in overlay) and F-actin (blue in overlay). 

Arrowheads point to protrusions with low concentration of MHCII-B that display a gradient-wise 

increment of MHCII-B towards the cell center. Arrows point to protrusions prominently 

decorated with the MHCII-B 1935D mutant and a barely detectable gradient-like localization. 

Bar, 10 µm. 
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not the non-muscle paralogs (Barua et al., 2014). We analyzed the phenotype of MHCII-B-

depleted CHO.K1 cells rescued with GFP-coupled MHCII-B wild type or 1935D constructs 

together with overexpressed mCherry-coupled Tpm1α. Co-expression of Tpm1α overcame 

the defect in polarization caused by the MHCII-B 1935D mutant (Fig. R17A-B).  

 

 

 

Tpm1α stabilizes stress fibers by reinforcing the actomyosin scaffold (Gupton et al., 2004), 

allowing cells to form large actomyosin bundles that support a stable rear that determines 

front-back cell polarity (Fig. R17A, arrowheads). Overexpression of Tpm1α promotes the 

stabilization of actin bundles in a NMII-independent manner. This suggests that the ability of 

NMII-B to bundle and stabilize actin bundles is crucial to define the rear of migrating cells 

and to generate front-back polarity. On the other hand, Tpm1α stabilization of the actomyosin 

filaments did not restore the localization of the 1935D mutant, which remains present in cell 

Figure R17. Tpm-1α-mediated stabilization of actin filaments rescues cell polarization but 

not MHCII-B 1935D dynamics. (A) MHCII-B-depleted CHO.K1 cells expressing GFP-MHCII-

B wild type or 1935D together or not with mCherry-Tpm1α. Column on left depicts the cellular 

distribution of mCherry-Tpm1α.  Middle column shows GFP-MHCII-B construct (top) wild type; 

(middle and bottom) 1935D. Right column is F-actin. Arrowheads point to stress fibers decorated 

with NMII-B filaments. Arrows point to protrusions decorated with the MHCII-B 1935D mutant. 

Bar, 10 µm. (B) Polarity index of MHCII-B-depleted cells rescued with GFP-MHCII-B 1935D 

co-expressing mCherry-Tpm-1α or not. Data are the means ± SD of >200 cells from four 

independent experiments. (C) FRAP curves of MHCII-B-depleted cells reconstituted with GFP-

MHCII-B wild type or 1935D constructs co-transfected or not with mCherry-Tpm1α. Data are 

the means ± SEM of 24 individual measurements per condition in four independent experiments. 



 
 

69 

 

protrusions and lacks the gradient-wise distribution of NMII-B towards the center and rear of 

the cell (Fig. R17A, arrows). Also, co-expression of Tpm1α does not influence the 

fluorescence recovery rate of GFP-tagged MHCII-B wild type or the 1935D mutant (Fig. 

R17C). This indicates that NMII-B regulates filament stability but filament stability does not 

seem to control NMII-B exchange in and out of filaments, consistent with the inability of this 

Tpm isoform to regulate NMII function (Barua et al., 2014). 

 

NMII-A assembly is required for efficient incorporation of NMII-B to control adhesion 

stability and formation of the trailing edge (Vicente-Manzanares et al., 2007; Vicente-

Manzanares et al., 2011). To address whether this relationship was reciprocal, we next 

analyzed if the decreased stability of the MHCII-B Ser1935D mutant affected the ability of 

NMII-A to form filaments. We found that the subcellular distribution of NMII-A was similar 

in MHCII-B-depleted cells reconstituted with MHCII-B wild type, MHCII-B 1935D and 

MHCII-B 1935A constructs (Fig. R18A).  Also, the FRAP ratios of NMII-A were similar in 

both backgrounds (Fig. R18B). These data indicate that the MHCII-B 1935D phenotype is 

likely due to a direct effect on the assembly/ bundling ability of NMII-B, and not to alterations 

of the properties of NMII-A. Nevertheless, analysis of the FRAP ratio of GFP-MHCII-A in 

cells expressing mCherry-MHCII-B 1935A (which did not affect the exchange of NMII-B in 

and out of filaments, see Fig. R11A) showed a non-significant, but reproducible lower 

fractional recovery compared to cells expressing mCherry-MHCII-B wild type. This suggests 

that decreased NMII-B stability does not decrease the stability of NMII-A; conversely, the 

inability of NMII-B to become phosphorylated in Ser1935 could decrease the exchange of 

NMII-A in and out of filaments.  
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Figure R18. Ser1935 phosphorylation does not affect the cellular properties of NMII-A. (A) 

MHCII-B-depleted CHO.K1 cells expressing GFP-MHCII-B wild type (top row), GFP-MHCII-

B 1935A (middle row) or GFP-MHCII-B 1935D (bottom row). Column on left depicts 

endogenous NMII-A staining (magenta in overlay).  Middle column shows the indicated GFP-

MHCII-B construct (green in overlay). Right column is F-actin (blue in overlay). Bar, 10 µm. (B) 

FRAP curves of GFP-MHCII-A wild type in MHCII-B-depleted CHO.K1 and rescued with 

mCherry-MHCII-B wild type, mCherry-MHCII-B 1935A or mCherry-MHCII-B 1935D 

constructs. Data are the means ± SEM of 24 individual measurements per condition in four 

independent experiments. 
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Focal adhesions act as traction points during 2D mesenchymal cell migration. Through them, 

cells exert force on the substratum, enabling forward movement (Case and Waterman, 2015). 

Focal adhesions and actomyosin bundles are highly interdependent structures (Livne and 

Geiger, 2016). Thus, we investigated the shape and number of adhesions in cells expressing 

the different MHCII-B mutants described to this point. Despite the polarity loss observed in 

MHCII-B-depleted cells rescued with the MHCII-B-1935D mutant (Fig. R11C), these cells 

displayed vinculin-containing adhesions that were similar in number and size to those 

observed in cells rescued with MHCII-B wild type or the 1935A mutant (Fig. R19).  

 

 

 

Figure R19. Phosphorylation of Ser1935 does not control the shape and number of focal 

adhesions. MHCII-B-depleted CHO.K1 cells rescued with GFP-MHCII-B wild type, GFP-

MHCII-B 1935A or GFP-MHCII-B 1935D constructs (green in overlay). Cells were allowed to 

adhere to fibronectin for 2h and stained for focal adhesions with vinculin (magenta in overlay) 

and for F-actin (blue in overlay). Representative examples are shown. Bars, 10 μm. 
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In most cells, focal adhesions residing in central areas are stationary, remaining tightly bound 

to the extracellular matrix (Smilenov et al., 1999). Conversely, adhesions in the rear of 

migrating cells display inwards sliding (Wehrle-Haller and Imhof, 2002), which contributes 

to their disassembly to allow retraction of the trailing edge during forward motion of the cell.  

In this context, sliding can be defined as the elongated displacement of adhesive components, 

which may include elongation of the adhesive contact or its translocation as an intact 

complex. We observed that cells reconstituted with GFP-MHCII-B 1935D that co-expressed 

mCherry-tagged vinculin to mark adhesions, displayed apparent sliding of the red 

fluorescence in non-rear locations (these cells do not display rears, Fig. R13B, top row and 

Supplementary Video 5, left). Vinculin sliding was accompanied by shortening of GFP-

MHCII-B 1935D-decorated filaments. Filament shortening frequently led to their collapse 

and the turnover of adhesions, i.e. disappearance (Fig. R13B and Supplementary Video 5). 

Conversely, adhesions in equivalent regions of MHCII-B wild type-expressing cells slid less 

obviously (Fig. R13A, top row and Supplementary Video 4, left). Using WIMS, which is 

a fluorescence fluctuation-based technique (Wavelet-based analysis) developed by Paul 

Wiseman and co-workers using images generated by our group (Toplak et al., manuscript 

submitted), we characterized and quantified the dynamics of these molecules. Analysis of the 

sliding velocity of mCherry-vinculin in cells co-expressing GFP-MHCII-B 1935D revealed 

that the adhesions in contact with MHCII-B 1935D-decorated filaments slide rapidly over 

time (1.31 ± 0.81 µm/min) compared to adhesions in cells expressing GFP-MHCII-B wild 

type (0.27 ±0.17 µm/min) (Fig. R20A).  

To determine if adhesive sliding was caused by alterations to the exchange of the adhesive 

molecules within focal adhesions, we analyzed the FRAP rates of GFP-vinculin in cells 

depleted of endogenous vinculin and MHCII-B, but co-expressing the different MHCII-B 

constructs coupled to mCherry. We found that the exchange of GFP-vinculin within focal 

adhesions was not altered in cells rescued with mCherry-tagged MHCII-B wild type or the 

1935D mutant (Fig. 20B). Interestingly, GFP-vinculin displayed decreased exchange 

(increased stability) in cells rescued with mCherry-MHCII-B 1935A.  These data indicate 

that, whereas the loss of filament stability caused by the phosphomimetic mutation of 1935 

is not directly responsible for the observed sliding of the vinculin along focal adhesions, the 

phosphorylation status of MHCII-B tail modulates the dynamics of focal adhesion 

components.   
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There are two models to explain adhesion sliding: slippage and treadmilling. Slippage means 

that the whole adhesion, i.e. its immobilized components, moves as a complex, bearing little 

to no compositional exchange. Conversely, treadmilling implies the addition of components 

to one side of the adhesion and removal of components at the opposite side of the adhesion 

(Digman et al., 2008). To ascertain the mechanism underlying the sliding observed in cells 

expressing the MHCII-B 1935D mutant, we reconstituted vinculin- and MHCII-B-depleted 

cells with mTeal-coupled MHCII-B wild type or the 1935D mutant together with mEOS-

tagged vinculin. mEOS is a photo-switchable, green-emitting fluorescent protein that shifts 

to red emission upon UV light-triggered photo-conversion (Wiedenmann et al., 2004). This 

technique allowed us to label and track the movement of a specific group of molecules, i.e. 

vinculin in sliding adhesions. If the predominant mode of sliding was slippage, photo-

converted vinculin would be equally distributed along the adhesion and would remain so 

during sliding, disappearing homogeneously from the adhesion. If treadmilling dominated the 

effect, photo-converted vinculin would disappear asymmetrically, and non-photo-switched 

Figure R20. MHCII-B phosphomimetic Ser1935D mutant causes focal adhesion sliding 

without affecting vinculin exchange. (A) Individual adhesion velocities of mCherry-vinculin in 

MHCII-B-depleted CHO.K1 cells rescued with MHCII-B wild type (grey filled) or 1935D (black 

lined) constructs. Data are average velocities of 16 (Vinculin - MHCII-B 1935D) and 10 

(Vinculin - MHCII-B wild type) individual measurements in three independent experiments. (B) 

FRAP curves of GFP-vinculin in CHO.K1 cells depleted of endogenous vinculin and MHCII-B 

and rescued with GFP-MHCII-B wild type, 1935D or 1935A constructs. Data are the means ± 

SEM of 24 individual measurements per condition in four independent experiments. 
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vinculin would be incorporated to the distal pole of the adhesion. Both models are depicted 

in Fig. R21.  

 

 

 

 

 

 

 

 

 

We confirmed that stationary adhesions, such as those found in MHCII-B wild type-

expressing cells, did not slide, and photo-converted mEOS-vinculin disappeared 

homogeneously as expected (Fig. R22A and Supplementary Video 8, bottom). Conversely, 

mEOS-vinculin in MHCII-B 1935D background displayed prominent sliding that exhibited 

a mixed behavior, including displacement of the central part of the adhesion (corresponding 

to adhesion slippage), but also treadmilling, characterized by an asymmetric disappearance 

of photo-converted vinculin, faster in the distal region of the adhesion than in the proximal 

side (Fig. R22B and Supplementary Video 9, bottom).  

 

Figure R21. Treadmilling and slippage adhesion sliding models. Adhesion treadmilling (left 

column) and slippage (right column) models predict different experimental results in photo-

conversion time-lapse images of sliding adhesions. Non-photo-switched vinculin is showed in 

blue and photo-converted vinculin in red. Purples gradients indicate presence of both vinculin 

populations. In grey, the associated filament. 
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Figure R22. Vinculin sliding induced by the MHCII-B 1935D mutant is due to treadmilling 

and slippage. Snapshots of confocal time-lapse videos of endogenous vinculin- and MHCII-B-

depleted CHO.K1 cells reconstituted with mEOS-vinculin  together with mTeal-MHCII-B wild 

type (A) or mTeal-MHCII-B 1935D (B). A single time point denoting the filaments (blue); 

mEOS-vinculin non-photo-converted (green) and photo-converted (magenta) is shown. The top 

row of each set shows mEOS-vinculin before photo-conversion (pre-bleach). The second row 

corresponds to the snapshot of a time point captured immediately after photo-conversion. Rows 

2-6 depict subsequent scans after photo-conversion. Images extracted from Supplementary 
Videos 8 and 9. Bars 1 μm. 
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Previous studies showed that PKC-ζ controls cell polarization upstream of NMII (Gomes et 

al., 2005; Even-Faitelson and Ravid, 2006). To determine whether NMII-B-mediated 

generation of large, stable bundles is controlled by PKC-ζ, we expressed a constitutively 

active PKC-ζ  mutant (myristoylated; myr-PKC-ζ). This construct induced isotropic 

protrusion along the perimeter of the cell and prevented the assembly of large and stable, 

NMII-B-decorated actomyosin bundles (Fig. R23). 

  

 

 

 

 

 

 

 

To assess the role of Ser1935 in polarization under these conditions, we co-expressed myr-

PKC-ζ with various GFP-coupled MHCII-B constructs. MHCII-B wild type did not prevent 

myr-PKC-ζ -induced loss of polarity. In contrast, the MHCII-B 5×A and 1935A mutants 

prevented this effect (Fig. R24A-B). Previous studies have shown that PKC-ζ phosphorylates 

MHCII-B in Ser1937 downstream of Pak1 (Even-Faitelson et al., 2005; Even-Faitelson and 

Ravid, 2006), but the non-phosphorylatable 1937A mutant does not overcome the effect of 

activated PKC-ζ (Fig. R24A-B). Together, this study shows the existence of at least one 

crucial regulatory residue that controls the differential ability of NMII-B to form stable 

actomyosin bundles during cell migration, thereby contributing to the stabilization of 

migratory polarity in mesenchymal cells. 

Figure R23. Constitutively 

active myristoylated PKC-ζ 

induces loss of cell polarity. 
Cells were transfected with 

FLAG-tagged wild type (top row) 

or myr-PKC-ζ (bottom row) and 

stained for endogenous MHCII-B 

(middle column) and F-actin (left 

column). FLAG staining (right 

column) denotes transfected 

cells. Representative cells are 

shown. Bars 10 μm. 
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Figure R24. PKC-ζ controls cell polarity in a Ser1935 MHCII-B-dependent fashion. (A) 

Images depict representative cells co-transfected with FLAG-myr-PKC-ζ and the indicated GFP-

MHCII-B construct. F-actin is shown in the left column, GFP-MHCII-B mutants are in the middle 

column, and FLAG is shown in the right column. Bars, 10 μm. (B) Quantification of the polarity 

index of cells as shown in C. Data are the means ± SD of >200 cells from four independent 

experiments, and p-value is the significance score in the Mann-Whitney test.  
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The regulation of the cellular function of NMII is paralog (isoform)-specific, complex and 

multi-layered. The NMII general regulatory mechanism best characterized so far, resides in 

the phosphorylation of the regulatory light chain in specific residues (particularly Ser19) that 

control the conformational opening of the molecule as well as the ATPase activity of the 

globular head of the heavy chain (Adelstein and Conti, 1975; Craig et al., 1983; Rosenfeld et 

al., 1994). Nevertheless, Ser19 phosphorylation is not isoform-dependent. Although this 

mechanism is crucial from a biochemical standpoint, the regulation of NMII assembly and 

oligomerization is equally important in live cells and tissues. The main reason is that 

oligomerization is required for NMII assemblies to reach a critical mass to form cellular 

structures, for example stress fibers, and to generate sufficient force to drive cellular 

phenomena. This type of regulation is isoform-dependent and determines the specific 

localization and function of each NMII paralog. In this study, we have characterized a group 

of amino acids including five phosphorylatable serine residues within the non-helical tail of 

MHCII-B that crucially control the specific localization, dynamics and function of NMII-B. 

Our results identify Ser1935 as the key regulatory residue of this motif. When Ser1935 is 

phosphorylated, NMII-B displays increased exchange in and out of actomyosin filaments. 

Increased turnover likely results in decreased stability of the whole actomyosin array, which 

is consistent with the observed disappearance of thick, rear-defining actomyosin bundles and 

subsequent loss of front-back polarization.  Phosphorylation of this residue also disorganizes 

the asymmetric, gradient-like localization of NMII-B towards the rear of the cell. 

Furthermore, phosphomimetic NMII-B even assembles in an anterior manner, localizing in 

regions close to the leading edge, in which NMII-A is dominant. Filaments decorated with 

this mutant are unstable and often undergo shortening, causing sliding of the focal adhesion 

coupled to their tip. In addition, our data show that prevention of the phosphorylation of 

Ser1935, overcomes the cell front-back depolarization effect caused by PKCζ activation.   

  

The two main NMII paralogs -A and -B are endowed with unique properties and functions 

despite sharing a high degree of homology throughout their primary sequence (Vicente-

Manzanares et al., 2007; Vicente-Manzanares et al., 2011). In the MHCII, the motor head 
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domain is highly conserved in terms of primary sequence and function among myosins 

classes distant in the phylogenetic tree (Holmes, 2008). The coiled coil of MHCII is also 

similar to that of other myosins, as myosin V and myosin XVIII (Odronitz and Kollmar, 

2007), displaying high homology among the three MHCII isoforms (Fig. I7). The most 

obvious divergence among the MHCII isoforms resides in the non-helical tail domain (Fig. 

I7): the sequence of the three isoforms is quite conserved up to a domain-breaking proline 

residue (Pro1927 in MHCII-A; Pro1933 in MHCII-B; Pro1949 in MHCII-C). The residues 

adjacent to this Pro are crucial for the isoform-specific regulation of the entire molecule. 

MHCII-A displays a poly-basic group of amino acids, whereas MHCII-B and MHCII-C 

contain phosphorylatable clusters (Ser-based in MHCII-B; Thr-based in MHCII-B). 

Specifically, the sequence of the MHCII-B cluster is SFSSSRS.  Depletion of this motif in 

MHCII-B (MHCII-B Δ5S) increases NMII-B exchange in and out of actomyosin filaments. 

In fact, the FRAP ratios of this mutant are highly similar to those of NMII-A. Importantly, 

this mutant impairs the formation of big actomyosin rear-defining bundles that support cell 

front-back polarization in cells depleted of endogenous MHCII-B. Similarly, depletion of 

MHCII-B (hence NMII-B) and cross-rescue with additional amounts of MHCII-A had no 

effect on the actomyosin bundles that define the rear, although it corrected adhesion 

maturation behind the leading edge (Vicente-Manzanares et al., 2007). MHCII-B Δ5S-

expressing cells remain similar to cells depleted of endogenous MHCII-B, i.e. they remain 

round and non-polarized, displaying small actomyosin bundles and multidirectional random 

protrusions (Lo et al., 2004; Vicente-Manzanares et al., 2011). This piece of data indicates 

that this poly-Ser cluster is crucial for the paralog-specific properties of NMII-B, because the 

behavior of NMII-B in its absence is similar to that of NMII-A. It is striking that the artificial 

insertion of the 1935-1941 motif of MHCII-B into its equivalent position in MHCII-A 

decreases the exchange of the mutant in and out of actomyosin filaments, behaving in a NMII-

B-like manner. The MHCII-A + 5S mutant shows a subcellular localization and FRAP similar 

to that of MHCII-B. Unlike MHCII-A wild type, this mutant rescues the front-back polarity 

defect caused by depletion of endogenous MHCII-B. These results further confirms the role 

of this phosphorylatable motif in paralog functional properties determination.  

Mammalian MHCII-B displays a sequence motif (PISFSSSRS) with well conserved 

regulatory positions in birds (PITFSSSRS), amphibians (PVSFSSSSS), and fish (Danio rerio, 

PVSFSSSRS; Callorhinchus milii, GLTFTSSRT). A similar motif appears in zipper, the 

myosin II equivalent in Drosophila melanogaster (GIGLSSSRLT), but is absent in simple 

multicellular (Caenorhabditis elegans) and unicellular organisms, e.g., Dictyostelium 

discoideum and Saccharomyces cerevisiae. Nevertheless, Dictyostelium discoideum has three 
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interspersed Thr along the C-terminus tail that regulate filament stability through 

phosphorylation (Egelhoff et al., 1993). This suggests that this motif emerges early in 

evolution to slow down NMII-related actomyosin turnover, facilitating the appearance of 

elaborate actin structures. Complex multicellular organisms except Drosophila melanogaster 

have acquired multiple myosin II genes during evolution. The presence of this cluster endows 

one of the isoforms with higher assembly stability that can be switched on or off. Also, NMII-

B has a higher duty ratio, which means a longer duration of its binding to the actin filament 

(Rosenfeld et al., 2003). Together, higher duty ratio and increased filament stability makes 

the NMII-B paralog better suited to generate stable structures that resist force, for example 

stress fibers.  

Similar to MHCII-B, MHCII-C displays a similar cluster that contains four phosphorylatable 

threonines in the non-helical tail (Fig. I7). Importantly, NMII-B and -C are very similar to 

each other in terms of cellular function, whereas NMII-A is more divergent (Conti et al., 

2008). Despite their functional and sequence similarity, MHCII-B and MHCII-C are encoded 

in different genes and their role bears different weight in mammalian physiology.  MHCII-C 

is quite restricted to several specific tissues (Golomb et al., 2004), whereas MHCII-B is quite 

ubiquitously expressed, with the exception of some hematopoietic lineages, for example 

neutrophils and platelets (Maupin et al., 1994). In this regard, the genetic deletion of NMII-

C has no physiological effect unless the dose of MHCII-B is lowered (Ma et al., 2010).  At a 

subcellular level, NMII-C exchanges even less than NMII-B (≈30% fluorescence fractional 

recovery) despite bearing higher duty ratio (Heissler and Manstein, 2011), which means that 

once it incorporates to filaments, it remains very stably associated to them. Despite its low 

turnover, NMII-C exchange is still controlled by phosphorylation. Our group has data using 

a phosmomimetic mutant of the four Thr residues of MHCII-C (4TxD, similar to the 5S×D 

mutant used in this study) that shows increased FRAP compared to MHCII-C wild type 

(≈60% fractional recovery). Conversely, a non-phosphorylatable mutant (4T×A) has a similar 

FRAP (≈35% fractional recovery) to that of MHCII-C wild type (Clara Llorente-González, 

manuscript in preparation). This data reinforces the generality and importance of the 

regulation of the assembly of the NMII paralogs through this phosphorylatable motif in the 

non-helical tail domain.  
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The anti-parallel homotypic intermolecular interaction of the NMII hexamers to form 

actomyosin bundles rely on the electrostatic interaction between oppositely charged regions 

in the C-terminal domains of MHCII (Ricketson et al., 2010). Coiled-coil domains show 

stippled negatively and positively charged regions that support these interactions (Fig. D1). 

The presence of multiple Ser residues adjacent to the domain-breaking Pro of MHCII-B and 

(or Thr in MHCII-C) suggested potential regulation by phosphorylation. In addition, the 

slowest exchanging paralogs, i.e. NMII-B/II-C, displayed these residues; whereas NMII-A, 

which is more dynamic, did not. Thus, it would be feasible that an increase in negative charge 

in this region, for example by phosphorylation, could alter the interaction between hexamers 

and therefore the stability of the whole NMII assembly. Accordingly, we found that 

phosphomimetic (S→D) mutation of the Ser residues of the 1935-1941 cluster of MHCII-B 

(5×D) impaired the ability of GFP-MHCII-B to rescue the depletion of endogenous MHCII-

B. Conversely, a MHCII-B 5×A mutant behaved similarly to the wild type form, even 

trending towards increased stability (see below). Interestingly, the MHCII-B 5×D mutant 

behaved more or less like MHCII-B Δ5S in terms of FRAP fractional recovery, suggesting 

that this mutant also displayed decreased stability in actomyosin filaments. While the exact 

mechanism is yet unknown, it is tempting to speculate that net charge alterations to this 

region, either by phosphorylation of by the substitution of neutral with a negatively charged 

amino acids (Asp) could interfere with the tertiary structure of the last loops of the coiled-

coil domain. On the other hand, the fact that the MHCII-B 5×A mutant behaves similarly to 

MHCII-B wild type suggests that most NMII-B incorporated into actomyosin filaments is 

dephosphorylated in this region.   

 

 

 

Figure D1. Alignment of the amino acid net charges of the C-terminal region of human 

MHCII-A and MHCII-B. Positively (red) and negatively (blue) charged regions; black 

background, domain-breaking proline; shaded background, position Pro+2 which corresponds to 

Ser1935 in MHCII-B. Myosin-9 (MHCII-A) NCBI Reference Sequence: NP_002464.1; myosin-

10 isoform 2 (MHCII-B) NCBI Reference Sequence: NP_005955.3 
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As for the higher turnover of the NMII-A paralog, there are clearly two components. Whereas 

inclusion of the (+5S) motif decreases its exchange to levels comparable to those of NMII-B, 

inclusion of a phosphomimetic (+5D) motif increases its exchange even above the levels of 

NMII-A wild type, indicating that this mechanism of deregulation increases the naturally 

higher exchange of this paralog. In this regard, NMII-A, but not NMII-B or II-C, interact with 

S100A4/Mts1, which seems to decrease the bundling stability of NMII-A (Dulyaninova et 

al., 2005; Li and Bresnick, 2006; Li et al., 2003). It is tempting to speculate that inclusion of 

an uncharged amino acid stretch (+5S) decreases the interaction of NMII-A with S100A4, 

whereas the phosphomimetic version potentiates such interaction, or it increases turnover by 

an unrelated mechanism. This has yet to be addressed. At any rate, these data suggest that net 

charge in this particular region of MHCII is a crucial regulator of the stability of NMII 

oligomers. 

 

Our mass spectrometry data revealed that only Ser1935 (1st Ser of the motif), Ser1938 (3rd) 

and Ser1939 (4th) are detectable in samples from peroxovanadate-treated cells without 

phosphopeptide enrichment (IMAC). Upon IMAC-enrichment of the sample, we found 

additional phosphorylation on Ser1937 (2nd). Based on these data, we hypothesized that the 

key phosphorylations were Ser1935 and/ or Ser1938 and/ or Ser1939. Single-mutation 

analysis revealed that only the MHCII-B 1935D mutation had a significant effect on the 

exchange of NMII-B or its ability to rescue depletion of endogenous MHCII-B. In fact, the 

MHCII-B 1935D mutant alone recapitulated the effect of the MHCII-B 5xD mutant. This 

strongly argues that Ser1935 is the major regulatory site of this motif controlling NMII-B 

exchange through phosphorylation. Among the phosphorylatable residues, Ser1935 is the 

closest to Pro1933, suggesting that phosphorylation at this site is sufficient to alter NMII-B 

exchange. This was further demonstrated by the effect of the MHCII-B DAAAA mutant, 

which behaves almost exactly as MHCII-B 5×D or 1935D. Interestingly, phosphomimetic 

mutation of only the distal serines (MHCII-B ADDDD) modestly increased the exchanged of 

the NMII-B paralog in and out of filaments; but it restored front-back polarity similar to the 

MHCII-B wild type or 5×A mutant, suggesting that additional phosphorylations in this motif 

cooperate with the regulatory role of Ser1935 at most, but have little effect by themselves.   
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In mesenchymal cells, formation of the tail of the cell precedes the establishment of the 

leading edge (Verkhovsky et al., 1999; Vicente-Manzanares et al., 2011; Yam et al., 2007).  

NMII-B bundling at the rear of the cell triggers RhoA-related signaling pathways that inhibit 

Rac-mediated protrusion at this region (Vicente-Manzanares et al., 2011). In this model, the 

leading edge becomes the side of the cell opposite to the trailing edge by default. The inability 

of the NMII-B 1935D mutant to create and maintain thick actomyosin bundles prevents the 

formation of a stable rear. In other words, NMII-B provides a mechanical constraint that the 

NMII-B 1935D mutant is not able to generate. As a consequence, protrusive activity is not 

confined and cells protrude randomly in all directions.   

The leading edge of the cell has a defined composition that connects form and function. At 

the tip, the lamellipodium (Lp) comprises approximately the first µm of the leading edge. A 

key component of the Lp is the Arp2/3 complex, which provides branched nucleation of actin 

filaments, generating the uniquely dendritic morphology of actin in this region. Actin 

polymerization generates fast retrograde flow (Ponti et al., 2004). Under the Lp, very small 

(nascent), stationary cell-matrix adhesive structures provide initial traction that transforms 

actin polymerization-driven membrane ruffling into positive protrusion. Just behind Lp, the 

lamellum (Lm) displays slow actin flow and coalescence of dendritic filaments into thicker 

bundles. This process is initiated at the Lp/ Lm interface by the actin cross-linker -actinin, 

but it also requires NMII-A (Choi et al., 2008; Loosli et al., 2013). Nascent adhesions either 

turn over or stabilize as they are left behind by the advancing Lp and enter the Lm (Choi et 

al., 2008). NMII-A drives their initial elongation into focal complexes. Similar to actomyosin 

filaments, NMII-A-dependent focal complexes mature into focal and fibrillar adhesions only 

if NMII-B is incorporated into the corresponding actomyosin array that is connected to the 

focal complex. This occurs further away from the Lp/ Lm interface, explaining the existence 

of a “NMII-A-only” zone close to the Lp/ Lm boundary. If NMII-B does not incorporate into 

the structure, the focal complex turns over (Vicente-Manzanares et al., 2007). In this scenario, 

NMII-B 1935D loses the terminal stabilizing ability of NMII-B wild type, but it acquires some 

of the properties of NMII-A, including its ability to nucleate close to the Lp/ Lm interface. 

This is further supported by the fact that adhesion stabilization at the Lp/ Lm interface is 

enhanced closer to the leading edge, in cells expressing the MHCII-B 1935D mutant 

compared to cells expressing MHCII-B wild type. Whether the mutant has additional effects 

on the transition from fast to slow retrograde flow at the Lp/ Lm interface remains to be 

determined.  
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NMII-B is the main determinant of the generation and maintenance of the cell shape and 

front-back polarity in mesenchymal cells (Betapudi et al., 2006; Vicente-Manzanares et al., 

2007; Vicente-Manzanares et al., 2008). Based on the high stability of NMII-B assemblies as 

well as its higher duty ratio, it is reasonable to assume that this function heavily depends 

strongly on its actin bundling capability, rather than on actual actin contraction. Along these 

lines, a non-contractile, cross-linking mutant of MHCII-B (R709C), produces large 

actomyosin bundles that form a polarized rear (Vicente-Manzanares et al., 2007). In non-

muscle cells, a number of actin cross-linkers may exert a similar effect, particularly those that 

generate linear (parallel/ anti-parallel) arrays. Based on its effect on mesenchymal cell 

migration, we selected tropomyosin 1 (Tpm1) to promote non-contractile actin bundling 

(Gupton et al., 2004). Tpm1 is a skeletal tropomyosin that crosslinks actin but does not 

regulate NMII (Barua et al., 2014), although it would compete with muscle myosin II for 

actin binding in muscle cells (Gupton et al., 2004). Consistent with our hypothesis, 

exacerbated actin bundling caused by overexpression of Tpm1 overcame the loss of front-

back depolarization caused by the inability of the MHCII-B 1935D to generate and maintain 

thick, rear-defining actomyosin bundles.  As expected, Tpm1 did not affect the association 

of MHCII-B 1935D to actin or its exchange in and out of actomyosin filaments. These 

experiments also indicate that the graded polarity of actomyosin filaments observed in 

polarized cells (Cramer et al., 1997) is generated spontaneously in response to the type and/ 

or degree of bundling. A model can be formulated in which “inert” actomyosin bundles, such 

as those generated by Tpm1 overexpression or MHCII-B R709C, are slowly pushed to 

define the rear of a polarizing cell by the retrograde flow of actin that emanates from the 

protrusion. It is feasible that the gradient distribution of NMII-B wild type is triggered by the 

same mechanism. In this case, the higher exchange of NMII-B wild type compared to R709C 

as measured by FRAP (Vicente-Manzanares et al., 2007)) would provide a measure of 

resistance against polarization. Finally, this model does not account for the mechanical/ 

geometrical resistance imposed by the different networks of microfilaments and their 

interaction with other bulky organelles, e.g. the Golgi apparatus or the nucleus.  

Although Tpm1 does not control the properties of NMII-B, the dynamics of NMII-A do 

control its properties. For example, phosphorylation of Ser1943 in the non-helical tail of 

MHCII-A controls the localization of NMII-B. A phosphomimetic mutant (MHCII-A 1943D) 

suppresses the subcellular polarization of NMII-B. Conversely, a non-phosphorylatable 
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mutant (MHCII-A 1943A) does not affect NMII-B polarity in stiff matrices (Raab et al., 

2012). This is not surprising, because the formation of NMII-A mini-filaments catalyzes the 

nucleation of NMII-B (Vicente-Manzanares et al., 2011). Thus, the MHCII-A 1943D mutant, 

which is more dynamic and forms filaments that are more labile than those containing 

MHCII-A wild type or the 1943A mutant, catalyzes poorly the assembly of NMII-B mini-

filaments. This hierarchy is unidirectional (NMII-ANMII-B) since our mutations (MHCII-

B 1935D/A) had no effect on the localization or organization of endogenous NMII-A. In this 

regard, it is interesting to note that NMII-A rapidly forms new mini-filaments in the lamellum 

of protruding cells, whereas NMII-B slowly grows on pre-existing NMII-A-enriched puncta 

(Vicente-Manzanares et al., 2011). The incorporation, or not, of NMII-B to these puncta 

decides their fate: if NMII-B does not extend NMII-A-mini-filaments, the structure turns 

over. Conversely, if NMII-B assembles behind the NMII-A mini-filament, the whole 

structure becomes larger and more stable. This hierarchical relationship explains why 

MHCII-A-deficient fibroblasts display almost no actomyosin fibers, whereas MHCII-B-

depleted cells display highly dynamic, thin and labile bundles. Based on the behavior of the 

MHCII-B 1935D mutant (high exchange similar to NMII-A, anterior localization in the 

lamellum and the ability to quickly form mini-filaments in the lamellum of protruding cells), 

we hypothesized that the mutant could affect the dynamics of NMII-A, either by forming 

heterofilaments, or by altering the properties of the NMII-A-containing bundles. Using 

confocal microscopy, we detected the typical II-A/II-B stippling when wild type MHCII-B 

was substituted with the 1935D mutant, which indicates that heterofilaments are not forming. 

Also, the dynamics of NMII-A were unaffected in cells expressing the1935D mutant. 

Conversely, the NMII-B 1935A mutant caused a modest, non-significant increase of NMII-

A exchange in and out of filaments, which could be due to its effect on the filament. 

 

2D-dimensional integrin-mediated polarized cell migration requires the assembly of adhesive 

structures at the cell front and their subsequent enlargement and stabilization. Some of these 

events were described in the previous section. Focal adhesions (FA) act as traction points, 

mediating force transduction to the extracellular matrix to enable forward movement. It 

follows that FA must disassemble at cell rear to allow sustained forward locomotion; 

otherwise, cells would elongate until their membrane ripped apart. In control conditions, rear 
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adhesions display sliding inwards motion as they disassemble. We found that replacing 

endogenous, MHCII-B wild type with the 1935D mutant caused FA to display significant 

sliding movement, similar to that observed in disassembling adhesions at the trailing edge in 

control, polarized cells.  MHCII-B 1935D-decorated filaments often display evident 

shortening leading to the collapse of the filament and its subsequent disappearance, which is 

accompanied by a sliding displacement of the associated FA.  

We propose a model in which NMII-A is the main generator of contraction-driven filament 

shortening, while NMII-B provides structural resistance to shortening. NMII-B depletion 

creates small and dynamic disassembling filaments that shorten rapidly, as there is no 

resistant scaffold to oppose NMII-A-produced contractile (shortening) force. This model is 

supported by the fact that the velocity of filaments propelled by NMII-A is twice than that of 

those propelled by NMII-B (Kim et al., 2005). Also, depletion of NMII-A decreases most of 

the traction exerted by the cell on the substratum as measured by traction force microscopy 

(TFM), whereas depletion of NMII-B does not (Jorrisch et al., 2013). This indicates that the 

majority of filament contraction is exerted by NMII-A. On the other hand, actomyosin 

structures containing only the NMII-A paralog disassemble and turnover easily, whereas 

NMII-B incorporation stabilizes the filament as well as the associated FA. This means that 

the stable association of NMII-B wild type enables the whole structure to resist NMII-A-

mediated contraction, allowing the formation of large structures such as stress fibers and 

enabling the evolution of focal complexes into focal adhesions. This is due the higher duty 

ratio and assembly stability of NMII-B. In the framework of this model, the decreased 

stability of the MHCII-B 1935D mutant would underlie the shortening of the filament due to 

its decreased ability to maintain the structural resistance of the filament. The model shown in 

Fig. D2. We have observed similar shortening effects and filament collapse when NMII is 

over activated, e.g. by the myosin phosphatase inhibitor calyculin A (Rocío Aguilar-Cuenca 

et al., submitted).  In this case, NMII over activation overcomes the structural resistance of 

the bundle to contract. One remarkable deduction from our data is that resistance to bundle 

contraction and collapse resides on the NMII-B component of the filament, instead of 

adhesive, integrin-mediated strength. Substitution of endogenous NMII-B with a “NMII-A-

like” mutant such as MHCII-B 1935D maintains, or even increases, the force per unit of 

filament length, decreasing however the structural resistance of the bundle to deform. As a 

consequence, the adhesion slides inwards following the contractile collapse of the bundle. 

Such a role for NMII in the maintenance of structures is not unprecedented. Drosophila 

melanogaster embryos in which zipper (myosin II) was deleted underwent normal dorsal 

closure, meaning that closure is not driven by myosin II-dependent contraction, as previously 
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postulated. However, the sealing of the neural tube was unstable, displaying frequent “purse 

string” collapse and reopening, exposing again the amnioserosa (Young et al., 1993).  

 

 

 

The connection between the behaviors of the stress fibers and the adhesions is not surprising. 

In the context of the cell, the fiber and the adhesion behave as a continuum, with alterations 

to one component translating directly into the other (reviewed in (Livne and Geiger, 2016)). 

We sought to characterize if the FA sliding coupled to MHCII-B 1935D filament shortening 

was due to a slippage of the whole adhesive structure or an asymmetric treadmilling, with 

new molecules assembling at one tip as at the other disassemble. It is important to point out 

that sliding is not a consequence of a higher turnover of the vinculin, since the exchange of 

vinculin in and out of adhesions measured by FRAP is similar in cells expressing MHCII-B 

wild type or the 1935D mutant. Importantly, FA components display half-times of 

fluorescence recovery <1min (Pasapera et al., 2010). This highly dynamic turnover would be 

sufficient to supply new molecules that justify the observed displacement if sliding is due to 

FA treadmilling. Previous studies have investigated FA sliding using single fluorescence-tag 

detection and FRAP experiments. These approaches, although informative, are able to 

Figure D2. NMII paralogs balance internal forces within actomyosin filaments. Schematic 

model of NMII-A and NMII-B wild type or 1935D molecules in an actomyosin filament. Arrows 

indicate a representation of force vectors created by the ATPase-mediated contraction force 

(arrowhead on the right part of the arrow) or counter resistance force due to the NMII bundling 

and stabilization properties (arrowhead on the left part of the arrow). NMII-A forces are shown 

in magenta and NMII-B in green. Note that the net force balance in the NMII-B wild type filament 

is 0 whereas in the NMII-B 1935D is > 0 and NMII-A contraction-mediated. 



 

91 

 

identify one of the processes (slippage or treadmilling), but not both simultaneously. 

Consequently, those studies concluded that FA sliding was purely due to  treadmilling 

(Ballestrem et al., 2001; Digman et al., 2008) or slippage (Sun et al., 2016). The displacement 

of the photo-converted fraction of vinculin observed in Fig. R22 is consistent with slippage. 

However, we also observe incorporation of non-photo-converted vinculin to the retracting 

pole of the adhesion (left side), which is a clear indicator of treadmilling. This means that 

both processes are simultaneously implicated in FA sliding, particularly when NMII-B 

exchange is accelerated by the MHCII-B 1935D mutation. 

How does actomyosin shortening translate into the behavior of the adhesion? The molecular 

components of FA display differential coupling to actin. Some proteins are connected directly 

to the actin, e.g. α-actinin, which closely follow the kinematics of actin as measured by 

speckle microscopy or cross-correlation techniques.  Other FA components, e.g. vinculin or 

talin, display partial correlation with actin due to their own interaction with actin as well as 

the influence of other binding partners. On the other hand, integrin receptors remain relatively 

immobile with respect to actin (Brown et al., 2006; Hu et al., 2007). The specific correlation 

of the different adhesive components to the movement of the actin provides some inkling of 

their role in the transmission of NMII-dependent forces to the substratum. Strongly 

correlating elements, for example -actinin, are unlikely to participate directly in the 

translation of mechanical forces from the filaments to the adhesion as the force they receive 

is used to move themselves. Conversely, more immobile, i.e. adhesive components that 

correlate poorly with actin, are likely to have bigger roles in force transduction. Different 

methods were used to prove this. For example, use of force-sensitive FRET (fluorescence 

resonance energy transfer) sensors demonstrated that vinculin acts as a transmitter of 

mechanical forces between adhesions and actin (Grashoff et al., 2010). Vinculin is a dual 

domain protein that connects to adhesions (talin) through the head domain and to actin 

through the tail domain (Humphries et al., 2007). Importantly, vinculin acts as a “universal 

force adaptor”, as it connects integrins to actin (through talin), but also cadherins to actin 

(through α-catenin) (Dufour et al., 2013). 

Intracellular NMII-mediated tension controls vinculin turnover rate in FA. There is a direct 

correlation between the force applied to a FA and the vinculin residence time in it. Forces 

applied across vinculin maintain the molecule in its active conformation which increases 

residence times at FAs to promote force transfer (Dumbauld et al., 2013). On the other hand, 

cellular tension loss caused by NMII inhibition increases vinculin exchange (Wolfenson et 

al., 2011).  Despite causing filament shortening due to its lower stability to actomyosin 
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bundles, MHCII-B 1935D does not affect vinculin turnover ratios in the FA. Conversely, 

MHCII-B 1935A increases vinculin residence time in the FA. One possible explanation is 

that the reduced ability of MHCII-B 1935A to mobilize might create “dynamically stiffer” 

filaments that may transduce more tension to the coupled FA, which is translated in a 

decreased exchange of vinculin molecules in and out FA. This issue deserves further 

investigation.  

 

ζ

Various kinases can phosphorylate the C-terminus coiled coil and non-helical tail of MHCII. 

CKII and TRPM6/7 phosphorylate various residues in both MHCII-A and MHCII-B 

isoforms. PKC-ζ phosphorylates MHCII-B downstream of Pak1 (Even-Faitelson et al., 2005; 

Even-Faitelson and Ravid, 2006). Although the studies referred here indicated that Ser1937 

was the main target of PKC, our own data demonstrated that the cellular effects of MHCII-B 

1935A overcomes the loss of polarity caused by the expression of constitutively activated 

myristoilated PKCζ. This indicates that the rounding induced by PKCζ likely requires 

Ser1935 phosphorylation. Conversely, a MHCII-B 1937A mutant was unable to overcome 

the effect of myrPKCζ. It is likely that other kinases in different cellular contexts and cell 

types will be identified in further research to regulate this motif.  We have explored the role 

of stretch-sensitive calcium channels of the TRPM family endowed with kinase activity, 

namely TRPM6 and TRPM7. However, the high toxicity of these proteins when 

overexpressed, combined with a lethal effect of inhibiting their expression with siRNA have 

prevented further efforts in this direction.  

Another question pertains to possible associations of different molecular partners to the tail 

of MHCII-B Ser1935 phosphorylated vs. non-phosphorylated. In NMII-A, phosphorylation 

of MHCII-A Ser1943 modulates its interaction with S100A4 (Dulyaninova et al., 2005). 

Future research from the group intends to address this issue by mass spectrometry.  

 

The two non-phosphorylatable MHCII-B mutants of Ser used in this study (5×A and 1935A) 

display similar filament localization and fractional recovery rates compared to MHCII-B wild 
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type. This indicates that endogenous NMII-B wild type is generally not phosphorylated in 

Ser1935 when assembled into actomyosin bundles. Photo-bleaching of the MHCII-B 1935A 

mutant reveal a fractional recovery of ≈35% in the first 2 minutes, probably followed by 

slower recovery over time. This suggests that non-phosphorylated NMII-B in this residue is 

ideally suited for stationary situations, e.g. epithelial monolayers, which would only require 

slow NMII turnover. Conversely, rapid structural adaptation to a changing microenvironment 

would be difficult to achieve. Thus, we would expect that cells expressing MHCII-B 1935A 

would easily undergo slow mesenchymal directional migration comparable to that of cells 

expressing MHCII-B wild type. However, these cells would not be able to remodel their 

actomyosin bundles quickly, for example, during abrupt direction steering imposed by a 

sudden change in the direction of the migratory stimulus. Such an adaptation would require 

fast disassembly and re-assembly of the actin-based migratory structures.  

We propose that phosphorylation of Ser1935 is a “softening” mechanism that would increase 

NMII-B dynamics, allowing rapid actomyosin remodeling. It follows that this 

phosphorylation may be relevant when the organism requires a fast and constant modification 

of the cellular properties, e.g. cellular front-back polarity, directional force application, 

adhesive reorganization etc. This the case in morphogenesis and development. During 

Drosophila melanogaster gastrulation, NMII must assemble, contract the apical pole of the 

epithelial sheet and subsequently and disassemble to relax every 3 minutes which is crucial 

for tissue elongation (He et al., 2010). NMII also mediates ommatidial cell rotation during 

Drosophila eye development. NMII localizes to the interface between ommatidial and 

undifferentiated cells and causes local constriction and retraction, weakening the boundary 

between the ommatidial cells and surrounding undifferentiated cells, and allowing the cells 

to rotate (Fiehler and Wolff, 2007).  In these and other sophisticated morphogenetic 

movements as well as probably in other cellular process of the adult organism, NMII must be 

able to rapidly respond to the constantly changing environment. In this context, 

phosphorylation of the non-helical chain of MHCII-B would be a master regulator of the 

dynamic adaptability of NMII-B. As stated in the beginning of this section, zipper (myosin II 

gene in Drosophila) displays a 3×Ser + Thr cluster in a similar position to that of vertebrate 

MHCII-B that could play a similar role in this context.  

In summary, this study shows the existence of at least one crucial regulatory residue that 

controls the differential ability of NMII-B to form stable actomyosin bundles during cell 

migration, thereby contributing to the adecuate stabilization of migratory polarity, plasma 

membrane protrusion and adhesion dynamics in mesenchymal cells
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The findings presented herein support the following conclusions: 

1) A serine-rich motif localized to the non-helical tail of MHCII-B (1935-SFSSSRS-

1941) but not of MHCII-A underlies some of the functional differences between the 

NMII paralogs, specifically actomyosin filament stability and migratory cell 

polarization. 

 

2) Phosphomimetic mutation of the serines of the motif increases NMII exchange, which 

results in less stable filaments. 

 

 

3) MHCII-B Ser1935 is the main residue within this motif that controls the dynamics of 

NMII-B through phosphorylation. 

 

4) Ser1935 controls NMII-B subcellular localization, its exclusion from the leading edge 

and the increasing gradient-like concentration of the molecular towards the rear of the 

cell to decorate prominently thick, rear-defining actomyosin bundles.   

 

 

5) Ser1935-dependent filament instability causes their rapid shortening, which leads to 

focal adhesion sliding and collapse in a mechanism that involves adhesive component 

slippage and compositional treadmilling. 

 

6) Preventing the modification through phosphorylation of Ser1935 overturns the 

cytoskeletal effects of activating the atypical PKCζ. 
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Los resultados presentados en esta tesis doctoral son compatibles con las siguientes 

conclusiones: 

1) Una región rica en serinas (1935-SFSSSRS-1941) localizada en la cola no helicoidal 

de MHCII-B, pero no en MHCII-A, media algunas de las diferencias funcionales 

entre los parálogos NMII-A y NMII-B, especialmente  la estabilización de los 

filamentos de actomiosina y la polarización migratoria de la célula. 

 

2) La mutación fosfomimética de las serinas de esta región aumenta el intercambio de 

NMII, lo que da lugar a  filamentos menos estables. 

 

 

3) Ser1935 de MHCII-B es el principal residuo dentro de esta región que controla la 

dinámica de NMII-B a través de fosforilación.  

 

4) Ser1935 regula la localización subcelular de NMIII-B, su exclusión del frente de 

avance y la concentración creciente de forma gradual hacia la parte posterior de la 

célula donde decora gruesos haces de miosina que definen la cola de la célula. 

 

 

5) La inestabilidad del filamento dependiente de Ser1935 provoca su rápido 

acortamiento que conduce al deslizamiento y colapso de las adhesiones a través de 

un mecanismo de arrastre y recambio de los componentes adhesivos. 

 

6) La prevención de la modificación por fosforilación de Ser1935 revierte los efectos en 

el  citoesqueleto causados por la activación constitutiva de PKCζ. 
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Supplementary Video 1: Restoration of adhesion elongation in MHCII-A-depleted CHO.K1 

cells rescued with GFP-MHCII-A wild type. MHCIIA-depleted CHO.K1 cells were co-

transfected with paxillin-mCherry (left) and GFP-MHCII-A wild type (right) and allowed to 

migrate on fibronectin. TIRF images were captured in a TIRF microscope (IX70; Olympus) 

coupled to a CCD camera (Retiga EXi; QImaging). Frames were taken every 5 s for 12.5 min. 

Supplementary Video 2: Lack of restoration of adhesion elongation in MHCII-A-depleted 

cells rescued with GFP-MHCII-A+5S, which is positioned away from the protrusion. MHCII-

A-depleted CHO.K1 cells were co-transfected with paxillin-mCherry (left) and GFP- MHCII-

A+5S (right) and allowed to migrate on fibronectin. TIRF images were captured in a TIRF 

microscope (IX70; Olympus) coupled to a CCD camera (Retiga EXi; QImaging). Frames 

were taken every 5 s for 16.6 min. 

Supplementary Video 3: Loss of adhesion elongation in MHCII-A-depleted CHO.K1 cells. 

MHCII-A-depleted CHO.K1 cells were co-transfected with paxillin-mCherry (single 

channel) and allowed to migrate on fibronectin. TIRF images were captured in a TIRF 

microscope (IX70; Olympus) coupled to a CCD camera (Retiga EXi; QImaging). Frames 

were taken every 5 s for 12.5 min. 

Supplementary Video 4: Stable front-rear polarization of MHCII-B-depleted CHO.K1 cells 

rescued with GFP-MHCII-B wild type. MHCII-B-depleted CHO.K1 cells were co-transfected 

with mCherry-vinculin (left) and GFP-MHCII-B wild type (right) and allowed to migrate on 

fibronectin. TIRF images were captured in a TIRF microscope (IX83/TIRF Mitico; Olympus) 

coupled to an electron-multiplying CCD camera (ImagEM X2; Hamamatsu Photonics). 

Frames were taken every 30 s for 50 min. 

Supplementary Video 5: Loss of stable front-rear polarization in MHCII-B-depleted 

CHO.K1 cells rescued with GFP-MHCII-B 1935D. MHCII-B- depleted CHO.K1 cells were 

co-transfected with mCherry-vinculin (left) and GFP-MHCII-B 1935D (right) and allowed to 

migrate on fibronectin. TIRF images were captured in a TIRF microscope (IX83/TIRF 

Mitico; Olympus) coupled to an electron-multiplying CCD camera (ImagEM X2; 

Hamamatsu Photonics). Frames were taken every 30 s for 50 min. 
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Supplementary Video 6: Localization of GFP-MHCII-B wild type away from the protrusion 

in CHO.K1 cells. MHCII-B-depleted CHO.K1 cells were transfected GFP-MHCII-B wild 

type (green) and allowed to migrate on fibronectin. Phase-contrast images are shown on right. 

Confocal images were captured in a laser-scanning confocal microscope (SP5; Leica). Frames 

were taken every 9 s for 20 min. 

Supplementary Video 7: Anterior localization of GFP-MHCII-B 1935D in CHO.K1 cells. 

MHCII-B-depleted CHO.K1 cells were transfected GFP-MHCII-B 1935D (green) and 

allowed to migrate on fibronectin. Phase-contrast images are shown on right. Confocal 

images were captured in a laser-scanning confocal microscope (SP5; Leica). Frames were 

taken every 9 s for 20 min. 

Supplementary Video 8: Stationary focal adhesion in vinculin- and MHCII-B-depleted cells 

rescued with mEOS- vinculin together with mTeal-MHCII-B wild type. Confocal time-lapse 

video of mEOS-vinculin non-photo-converted (top) and photo-converted (bottom) is shown. 

The first time-point of each video shows mEOS-vinculin before photo-conversion (pre-

bleach); the next 10 time-points correspond to photo-conversion (bleach); the last sixt time-

points correspond to the scans captured immediately after photo-conversion (1 scan/min). See 

Materials and methods for details. 

Supplementary Video 9:  Sliding focal adhesion in vinculin- and MHCII-B-depleted cells 

rescued with mEOS- vinculin together with mTeal-MHCII-B 1935D. Confocal time-lapse 

video of mEOS-vinculin non-photo-converted (top) and photo-converted (bottom) is shown. 

The first time-point of each video shows mEOS-vinculin before photo-conversion (pre-

bleach); the next 10 time-points correspond to photo-conversion (bleach); the last six time-

points correspond to the scans captured immediately after photo-conversion (1 scan/min). See 

Materials and methods for details. 
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