TRPM7:

'til

• ^

A novel regulator
of the actomyosin
cytoskeleton

•

f

«

«

ι

\^w%

Kristopher A. Clark
r-

Ά*

•i

TRPM7:
A novel regulator of the
actomyosin cytoskeleton

Kristopher Andrew Clark

ISBN 978-90-9022343-8
©2007 by Kristopher Andrew Clark
TRPM7: A novel regulator of the actomyosin cytoskeleton
Clark, Kristopher Andrew
Thesis Radboud University Nijmegen Medical Centre, The Netherlands
Cover Illustration: Bradykinin induces the formation of podosomes in NlE-115 cells
overexpressing TRPM7. Cells were stained for actin, myosin and vinculin.
Printed by: Printpartners Ipskamp, Enschede, The Netherlands

TRPM7:
A novel regulator of the
actomyosin cytoskeleton

Een wetenschappelijke proeve op het gebied van Medische Wetenschappen

Proefschrift

ter verkrijging van de graad van doctor
aan de Radboud Universiteit Nijmegen
op gezag van de Rector Magnificus prof. mr. S.C.J.J. Kortmann,
volgens besluit van het College van Decanen
in het openbaar te verdedigen op
maandag 17 december 2007
om 15.30 uur precies

door

Kristopher Andrew Clark

geboren op 29 september 1974
te Montréal, Canada

Promotor

Prof dr Carl G Figdor

Co-promotor

Dr Frank Ν van Leeuwen

Manuscriptcommissie

Prof dr Bé Wiennga
Prof dr Roland Broek
Dr John Collard (Nederlands Kanker Instituut, Amsterdam)

The research described in this thesis was performed in the Department of Tumor Immunology of
the Nijmegen Centre for Molecular Life Sciences, Radboud University Nijmegen Medical Centre,
Nijmegen, The Netherlands and was supported by a grant from the Dutch Cancer Society (KUN
2002-2593) The author gratefully acknowledges financial support from the FEBS short-term
fellowship program that sponsored his 3-week visit to the laboratory of Dr Nick Momce at the
MRC Protein Phosphorylation Unit, University of Dundee, Scotland Publication of this thesis was
financed in part by the Dutch Cancer Society

TABLE OF CONTENTS
Chapter 1

General introduction

7

Chapter 2

TRPM7, a novel regulator of actomyosin contractility and cell adhesion

27

Chapter3

Activation of TRPM7 channels by phospholipase C-coupled
receptor agonists

47

Chapter 4

TRPM7 regulates myosin IIA filament stability and protein localization
by heavy chain phosphorylation

67

Chapter 5

TRPM6 and TRPM7, but not eEF-2 kinase, phosphorylate the
assembly domain of nonmuscle myosin IIA, IIB and IIC

83

Chapter 6

The TRPM7 interactome: a novel protein complex involved
in podosome formation

97

Chapter 7

Massive autophosphorylation of a substrate recognition domain
controls protein kinase activity of TRPM6 and TRPM7

115

Chapters

General discussion and summary

133

Nederlandse samenvatting

145

Acknowledgements

151

Curriculum Vitae

155

List of publications

155

Chapter

1

General introduction

Adapted from Clark ei al. (2007) Myosin II and mechanotransduction: a balancing act.
Trends Cell Biol 17, 178-186.

General introduction

INTRODUCTION
For centunes, medical doctors have recognized
the physical nature of human disease Still
today, most patients enter the clinic suffering
from medical conditions that are caused by
defects in mechanobiology [1] Thus, it is
critical to identify the molecular mechanisms
regulating the response of cells and tissues to
mechanical force to better understand the
pathogenesis of these diseases including
cancer
Mechanical forces play a key role in basic
cellular functions On the one hand, cells are
subjected to external forces that trigger
mechanosensors to activate electric and
biochemical signals leading to a cellular
mechanoresponse [2-4] On the other hand,
cells must generate mechanical force to
accomplish many cellular functions such as cell
division, apoptosis and migration [5-7]
A major intracellular structure responsible
for the generation of mechanical force is the
actomyosin cytoskeleton Two major processes
within this cytoskeleton generate mechanical
force 1) polymerization of actin is the driving
force for the extension of the plasma
membrane away from the cell body, for
instance, during cell spreading and migration
[8] and 2) myosins, which are actin-based
motor proteins, convert chemical energy into
mechanical force Dynamic mteractions be
tween actin and myosins regulate cytoskeletal
tension, protein and organelle transport,
signaling, membrane trafficking, cell division,
adhesion and migration [9]
Myosin II (BOX 1) is the major motor
protein dnving contractility in muscle and
nonmuscle cells Myosin II assembles into
bipolar thick filaments that generate cortical
tension by pulling together oppositely onented
actin filaments In muscle cells, the actomyosin
cytoskeleton is assembled into a stable
structure for efficient contraction and relaxa
tion of muscles In contrast, the actomyosin
cytoskeleton in nonmuscle cells is highly
dynamic The local assembly and disassembly
of the actomyosin cytoskeleton is necessary for
vanous cellular functions While the molecular
mechanisms regulating (de)polymenzation of
actin filaments have been extensively
charactenzed [10], the mechanisms that

regulate myosin II motor assembly m
nonmuscle cells are ill-defined Myosin light
chain (MLC) phosphorylation
is the
predominant mechanism controlling myosin II
activity [11,12] Phosphorylation of the light
chains stabilizes
myosin II filaments,
strengthens the actin-myosin association and
activates ATPase activity of the motor domain
leading to an increase m actomyosin
contractility However, strong experimental
evidence exists for additional regulatory
mechanisms including myosin II heavy chain
(MHCII) phosphorylation [13-18]
The lower
eukaryote Dictyostelmm
provides an excellent model system for
studying cytoskeletal dynamics and has led to
the identification of MHCII phosphorylation as
an important mechanism for regulating
filament stability Phosphorylation of Thrl823,
Thrl833 and Thr2029 by a group of MHCII
kinases controls myosin II filament formation
and localization in Dictyostelmm dunng
cytokinesis and cell migration [19,20]
Dictyostelmm MHCII kinases are founding
members of a novel and rare kinase family
known as α-kinases [21,22] The charactenstic
property of α-kinases is their propensity to
phosphorylate senne and threonine residues in
the context of an α-helical structure such as the
coiled-coil domain of myosins
Could
mammalian α-kinases also be involved in
regulating myosin II-based contractility7 In this
thesis, I studied the role of the mammalian akinase called TRPM7 in regulating actomyosin
contractility and cell adhesion Therefore, I
provide in the opening chapter a general
overview of myosin II and TRPM7 biology

ROLE OF MYOSIN II-BASED
CONTRACTILITY IN CELLULAR
FUNCTION
Cell-ECM adhesions and force
Mechanical forces are sensed at cellextracellular matnx (ECM) adhesion sites in
which integnns provide the mechanical link
between the ECM and the actomyosin
cytoskeleton [23] (BOX 2) Exposure of cells
to mechanical stress activates integnns, which
promotes the recruitment of scaffold and
9
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BOX 1. Myosin II structure and isoforms
Myosins are actin-dependent molecular motors that
convert chemical energy stored in ATP into
mechanical force. A broad spectrum of different
myosin motors has recently been categorized into
24 classes based on a phylogenetic analysis of the
myosin heavy chains [106]. Myosins control many
basic cellular functions including protein transport,
cell division, apoptosis, adhesion, migration,
phagocytosis, exocytosis and contraction [9].
Myosin Π (Fig. I) is the major motor protein
that regulates actomyosin contractility in both
muscle and nonmuscle cells. Myosin Π is a
hexameric protein complex composed of a pair of
heavy chains (MHCII), a pair of essential- and a
pair of regulatory-light chains. The MHCII consists
of: 1) a conserved motor domain at the N-terminus
that drives the movement along actin filaments; 2) a
neck domain that serves as a rigid lever arm to
generate movement of the motor domain and 3) a
non-conserved helical coiled-coil domain at the Cterminus which terminates with a short non-helical
tail. The light chains bind to the neck domain where
the essential light chains provide structural integrity
to the motor domain and the regulatory light chains
regulate the myosin II ATPase activity. Myosin II
assembles
into bipolar filaments through
electrostatic interactions between the coiled-coil
domains [59]. The motor domains on each end of
the filament associate with oppositely oriented actin
filaments. By pulling actin filaments together,
myosin Π generates cortical tension.
In addition to smooth and skeletal muscle
myosin II, three nonmuscle isoforms have been

Regulatory
Light Chain
Essential
Light ChainMotor

Coiled-Coil
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The
reader should note that the term
'nonmuscle' myosin Π is a misnomer in the sense
that expression of these proteins can also be found
in smooth, skeletal and cardiac muscles [107].
More importantly, nonmuscle myosin Π isoforms
are functionally relevant to the physiology of
smooth muscle and heart [112,113].

Figure I. The actomyosin
Non-Helical cytoskeleton. (A) Schematic
Tail
diagram of a myosin II monomer
depicting the light and heavy
chains. The different parts of the
heavy chain including the motor,
neck, coiled-coil and nonhelical
domains are indicated. (B)
Myosin II self-assembles into
bipolar
filaments
through
interactions of the C-terminus
while the N-terminus binds to
actin filaments. Activation of the
myosin II motor domain leads to
the pulling of actin filaments (in
direction of arrows) to induce
cortical tension.
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identified in mammalian cells known as nonmuscle
myosin ΠΑ, ΠΒ and IIC, which are encoded by the
genes MYH9, MYHIO and MYHI4, respectively.
These three isoforms are well conserved throughout
the entire protein with 64-80% identity in amino
acid sequence [107]. The three nonmuscle MHCII
share certain cellular functions [108] but there is
increasing evidence for non-redundant roles for
each isoform. Several studies have noted
differences in RNA expression patterns in tissues
[107], intracellular localization [109], biochemical
properties [9] and modes of regulation [66,110]
between the different myosin II isoforms. Myosin
ΠΑ knockout mice have a defect in maintaining
cell-cell adhesions and tissue organization during
early embryogenesis [111]. For this reason, loss of
myosin IIA expression is embryonic lethal. Myosin
IIB is most highly expressed in brain and heart
tissues. Consistent with this expression pattern,
ablation of myosin IIB expression results in severe
cardiovascular and neuronal defects [112]. The
function of myosin IIC has yet to be addressed.
However, unlike myosin HA and ΠΒ, this isoform
is not expressed in fetal tissues but is switched on
postnataly [107].
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BOX 2. Relationship between cell adhesion structures and mechanical force
Integrins are transmembrane receptors that bind the
ECM while their cytoplasmic domains are
physically associated with the underlying
actomyosin cytoskeleton to provide anchorage and
structural integrity to the cell. Ligand-bound
integrins are not homogenously distributed on the
plasma membrane but concentrated in specialized
matrix adhesions that differ in organization and
function dependent on cell type and environmental
conditions [114-117]. These adhesion structures
include focal complexes, focal adhesions,
podosomes and invadopodia, all of which are large
multimolecular complexes consisting of structural
and signaling proteins that locally regulate integrin
activity, actin polymerization and actomyosin
contractility. Interestingly, the formation and
turnover of these cell-ECM adhesions are
differentially regulated by mechanical force.
Focal complexes are small, dot-like adhesions
found in dynamic regions of the actin cytoskeleton
such as lamellipodia [115]. In response to increased
actomyosin contractility, focal complexes grow and
mature into focal adhesions [23]. The shape and
dimensions of these focal adhesions are directly
dependent on the magnitude of mechanical forces
applied to the adhesion structures [23]. Accordingly, inhibition of myosin II-based contractility favors
the assembly of focal complexes but the
disassembly of focal adhesions [118].

Podosomes and invadopodia are specialized
adhesion structures important for the focalized
degradation of the ECM to permit cell invasion
[114,116,117]. These adhesion structures resemble
each other in molecular organization and
architecture, both consisting of an F-actin dense
core surrounded by a juxtamembrane ring of
cytoskeletal linker proteins connected to the ECM
via integrins. Podosomes and invadopodia can be
easily distinguished from focal adhesions since
markers such as gelsolin and cortactin are
specifically present in podosomes and invadopodia
but absent from focal adhesions. In contrast, few
defining features discriminate podosomes from
invadopodia leading to the suggestion that
podosomes predominantly form on artificial twodimensional substrates whereas invadopodia
develop in matrix embedded cells [114]. Recent
reports suggest that the mechanism of formation,
location, motility and turnover rate may distinguish
podosomes from invadopodia [116,119]. Notably,
in contrast to focal adhesions, the biogenesis and
turnover of podosomes and invadopodia appear to
require a local relaxation of cytoskeletal tension
[67,120]. Pharmacological inhibition of myosin II
motor activity promotes the disassembly of focal
adhesions and the assembly of podosomes at the
periphery of cancer cells [67].

signalling proteins to strengthen cell adhesion
and transmit biochemical signals into the cell
[24-28]. These mechanotransduction pathways
establish positive feedback loops in which
integrin engagement activates actomyosin
contractility, which reinforces cell adhesion
[23]. Thus, the level of cytoskeletal tension
generated inside the cell is directly proportional
to adhesion strength and dictates the cell
biological outcome.
By modifying matrix rigidity and adhesion
strength, exciting new roles for the actomyosin
contractile machinery in regulating cell
differentiation, tissue morphogenesis, cell
migration and tumor cell invasion have been
revealed [29-33]. Importantly, these studies
highlight a necessity for the cell to maintain
tensional homeostasis, a process whereby the
cell establishes a balance between external

forces applied through cell-ECM contacts and
actomyosin contractility generated inside the
cell1. Deregulation of these mechanotransduction pathways contributes to the
pathogenesis of several human diseases [1].
Therefore, elaborate signalling networks have
evolved to maintain tensional homeostasis by
modulating myosin II activity. Understanding
these pathways will identify novel therapeutic
targets for human diseases that arise due to
defects in mechanotransduction.
The terms actomyosin contractility and tensional
homeostasis are not interchangeable but have distinct
meanings. The former refers to the general process
whereby the actomyosin cytoskeleton is maintained
under tension by the activity of myosin II whereas the
latter refere to balancing the level of cytoskeletal tension
with the magnitude of external mechanical forces
applied to the cell.
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Actomyosin
contractility in
cell
differentiation and cancer
Maintaining a de-differentiated and highly
proliferative state is a characteristic property of
cancer cells Cell and tissue differentiation are
not only controlled by soluble factors but also
by the microenvironment Notably, ECM
rigidity and actomyosin contractility regulate
cell differentiation and tissue morphogenesis in
both health and disease [29,32-34]
The
differentiation
program
of
mesenchymal stem cells is dependent on the
level of cytoskeletal tension generated inside
the cell An initial study demonstrated that
myosin II-dependent regulation of cell shape
determined the lineage commitment of
mesenchymal stem cells [34] Whereas round
cells maintained low levels of myosin II
activity and differentiated into adipocytes,
spread cells, in which actomyosin contractility
was increased, underwent osteogenesis
Notably, pharmacological inhibition of myosin
II-based contractility increased expression of
adipogemc and decreased expression of
osteogenic markers in spread cells
More recently, a direct correlation between
matrix elasticity and stem cell lineage
commitment was described [32] (Fig 1A)
Stem cells were plated on matrices with tensile
properties that mimic those of native tissues
Soft matrices that mimic brain (Elasticity
(E)~0 1-1 kPa) are neurogenic, stiffer matrices
(.E-IO kPa) that mimic muscle (£-8-17 kPa)
are myogenic whereas very rigid matrices
(£-34 kPa) that mimic bone (£-25-40 kPa) are
osteogenic Matrix stiffness increased myosin
II-based contractility and the number of focal
adhesions in mesenchymal stem cells
Accordingly, inhibiting actomyosin contractility by treating cells with blebbistatin, an
inhibitor of the nonmuscle myosin II motor,
prevented stem cell differentiation induced by
matrix rigidity but not soluble growth factors
While actomyosin contractility dictates cell
differentiation, defects in tensional homeostasis
during tissue differentiation can promote
tumongenesis [29] (Fig IB) For example,
normal mammary duct formation requires
breast epithelial tubulogenesis, which is
regulated by the physical properties of the
ECM On soft and malleable but not rigid
12

matrices, breast epithelial cells differentiate
into mammary ducts [33] Oncogenic
transformation of breast epithelial cells
activates a positive feedback loop that
promotes tumor growth by increasing the
rigidity of the ECM [29], which can occur
either by the deposition of additional ECM
molecules or by realigment of pre-existing
matrix components [35] In this model, growth
factor stimulation promotes actomyosin
contractility and cell adhesion leading to ECM
remodelling and stiffening As a consequence,
the stiffer matrix activates integnn-mediated
signaling that increases both actomyosin
contractility and rate of proliferation This
positive regulatory loop establishes the
conditions required for rapid proliferation of
de-differentiated mammary epithelial cancer
cells into a solid tumor mass [29] Moreover,
the increased cytoskeletal tension may rupture
cell-cell contacts and promote migration
allowing cancer cells to invade the underlying
tissue
[30,36,37]
Importantly,
these
phenomena can be reversed by inhibiting
myosin II-based contractility [29,30,37]
Collectively, these results show that a balance
between external forces transmitted through the
ECM and actomyosin contractility generated
within the cell is essential for maintaining
normal tissue physiology
Actomyosin contractility and cell
migration
In contrast to cell and tissue differentiation, the
role of actomyosin contractility in cell
migration has been appreciated for many years
Myosin II-based contractility generates the
force necessary for locomotion of the cell body
and the disassembly of cell adhesions at the
posterior of the cell [7] Myosin II also
contributes to cell polarity by positioning the
nucleus [38] and to persistence of migration by
suppressing the formation of lateral membrane
protrusions [39] Interestingly, recent reports
propose unforeseen roles for actomyosin
contractility in the establishment of a leading
edge during cell migration and tumor cell
invasion [31,36,37,40^3]

Actm dynamics at the leading edge
Mesenchymal

cells

polarize

during

cell

General introduction

Matrix Stifness

ύ-^
Neuron

(p

Muscle

Β

Osteoclast

Matrix Stifness

WÂ^
Convergence
Zone
fast

>

I

ο

σ
ω

3

Anterograde
Flow

slow

Retrograde
Flow

fast
Migration Speed

slow

slow

Figure 1. Novel roles for actomyosin contractility in regulating cell behavior in health and disease. (A) The
differentiation program of mesenchymal stem cells grown on different matrices in vitro directly correlates with the
tensile properties of native tissues. Thus, soft matrices that mimic brain are neurogenic whereas rigid matrices that
mimic bone are osteogenic. (B) Breast epithelial celts form mammary ducts only on soft and malleable matrices.
Mammary carcinoma cells increase actomyosin contractility and matrix stiffiiess, which maintains the cells in a highly
proliferative and undifferentiated state. The high levels of myosin Il-based contractile forces can break cell-cell
adhesions promoting metastasis. (C) Actin dynamics at the leading edge of migrating cells is segregated into distinct
zones. The forces of actin polymerization drive retrogradeflowof the actin network in the lamellipod, which meets the
anterogradeflowof the actin networkfromthe cell body to form a convergence zone where F-actin remains stationary
and depolymerizes. The organization pattern of the actin network is dependent on the balance between myosin Il-based
contractility and adhesion strength. A highly dynamic pattern of actin polymerization, optimal for cell migration, is
achieved only at intermediate ECM concentrations.
13
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migration and extend a lamellipodium by actin
polymerization at the leading edge The
formation of the lamellipodium requires the
organization of actin (de)polymerization and
flow into distinct zones [31,42] The forces of
actin polymerization drive retrograde flow of
the actin network in the lamellipod, which
meets the anterograde flow of the actin
network from the cell body to form a
convergence zone where F-actin remains
stationary and depolymenzes The speed of cell
migration correlates with the ability of the cell
to generate these organized patterns of actin
dynamics and shows a biphasic relationship
with ECM concentration [31 ] (Fig 1C) Allow
and high ECM concentrations, cells migrate
slowly and show impaired actin dynamics
whereas optimal speed is generated at an
intermediate ECM concentration that allows
cells to organize actin dynamics at the leading
edge Thus, a balance between cell adhesion
strength and myosin II-based contraction also
controls the spatial organization of actin
dynamics [31] Accordingly, manipulation of
myosin II activity restores spatial organization
of actin dynamics at the leading edge allowing
efficient cell migration on sub-optimal ECM
concentrations [31]
Pseudopod formation in amoeboid
migrating tumor cells
In a 3D environment, mesenchymal cells
secrete proteases that degrade the ECM
allowing them to invade the underlying tissue
It was thus hypothesized that protease
inhibitors may reduce tumor metastasis,
however clinical trials have been disappointing
[44] One potential escape mechanism is the
plasticity of tumor cell migration Under
conditions of low protease activity, tumor cells
can switch to a protease-independent mode of
migration [36,37] Such a migratory pattern is
observed in lymphocytes as well as neutrophils
and resembles that of Dictyostehum discoideum, hence referred to as amoeboid cell
migration [39,45] This type of cell movement
requires the cell to navigate through the ECM
rather than generate its own path To scan the
architecture of the ECM, amoeboid-migrating
cells extend pseudopods at the leading edge
that arise from plasma membrane blebbing [6]
14

Pharmacological inhibition of myosin II-based
contractility prevents bleb formation and cell
motility [37,41]
Moreover, amoeboidmigrating tumor cells have also found proteaseindependent mechanisms to remodel the ECM
These tumor cells can generate sufficient
actomyosin force to deform the ECM to permit
cell invasion [40] Thus, a combinatorial
therapy of protease and contractility inhibitors
may be more efficient in preventing tumor cell
invasion and dissemination than therapies
based on a single class of drug targets

REGULATION OF MYOSIN II
Activation of myosin II by light chain
phosphorylation
These recent discoveries underscore the need
for the cell to precisely regulate actomyosin
contractility Durmg the last 20 years,
investigations into the molecular mechanisms
controlling mammalian myosin II activity have
focused on the phosphorylation of the
regulatory light chains Briefly, phosphorylation of ThrlS and Serl9 of the regulatory
light chain stabilizes myosin II filaments,
strengthens the actin-myosin association and
activates the ATPase activity of the head
domain that results in an increase in
actomyosin contractility [12] An increase in
MLC phosphorylation is the combined effect of
direct phosphorylation by kinases as well as
inhibition of the MLC phosphatase The
enzymatic activity of the MLC phosphatase is
influenced by the phosphorylation of its
regulatory subumt [46] Upon phosphorylation,
catalytic activity of the phosphatase subumt
decreases Notably, the same kinases that
directly phosphorylate the myosin light chains
also phosphorylate its phosphatase [11,12]
Thus, pathways activating these kinases control
both regulatory mechanisms simultaneously
MLC are phosphorylated in response to
integnn ligation and growth factor stimulation
Integnns or growth factor receptors either
promote Ca2+- or Rho GTPase-mediated
signalling to activate a network of kinases that
phosphorylate the MLC and its phosphatase
[12] These kinases include MLCK, ROCK I
and II, MRCK, citron and ZIP kinase
Interestingly, each of these myosin II
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Inhibition of MLC phosphorylation
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Figure 2. Mechanisms inhibiting nonmusde myosin II activity. Inactivation of the myosin motor activity by
dephosphorylation of MLC: (A) Rao can activate GAPs or inhibit GEFs to interfere with RhoA activity and MLC
phosphorylation. (B) Scaffold proteins such as pi Ι ό 1 * recruit the MLC phosphatase to the actomyosin cytoskeleton to
maintain low phosphorylation levels of the MLC and therefore, prevent contraction. Notably, p l l ó 1 ^ also possesses
RhoGAP activity, which will reduce MLC phosphorylation by inactivating RhoA at the head of the signaling pathway.
Filament disassembly promoted by MHCII phosphorylation and interactors: (C) Proteins such as S100A4 can interact
with the region essential for filament formation to disassemble myosin II filaments. (D) Phosphoiylation of the MHCII
destabilizes the electrostatic interactions between myosin II monomers leading to filament disassembly. Proteins are not
drawn to scale.

regulatory kinases play unique and important
roles during cell division, phagocytosis,
adhesion and migration where they coordinate
the spatial and temporal regulation of myosin II
function [47-52]. For example, during cell
migration, MLCK phosphorylates the MLC in
the centre of the cell whereas ROCK is
localised at the periphery of the cell where it
activates myosin II activity [48,51]. Moreover,
ROCK and MRCK regulate different modes of
cell migration. Whereas ROCK is essential in
rounded tumor cell invasion, MRCK can
generate the actomyosin contractility required

for
elongated tumor cell
movement
independently of ROCK [47]. Thus, several
kinases coordinate the activation of myosin II
by enhancing MLC phosphorylation.
Inhibition of MLC phosphorylation

Rho and Rac: antagonizing pathways in
contractility regulation
But how does the cell inhibit myosin II
function to maintain tensional homeostasis
(Fig. 2)? Recently, a number of different
mechanisms have been shown to downregulate myosin II activity. Members of the
15
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Rho GTPase family regulate the kinases
responsible
for
phosphorylating MLC.
Therefore, proteins that can directly modulate
Rho GTPases are prime targets for controlling
tensional homeostasis. Over the years, it has
been established that members of Ras and Rho
GTPase families cross-talk to modulate each
others activity by regulating guanidine
nucleotide exchange factors (GEFs) and
GTPase-activating proteins (GAPs) [53,54]
(Fig. 2A). For instance, Racl promotes
actomyosin relaxation by antagonizing RhoA.
Racl can inhibit the activity of the RhoGEF
NET1 [54] or activate pl90RhoGAP [53] to
regulate actin dynamics and integrin-mediated
cell spreading. Maintaining low levels of active
RhoA will thus prevent MLC phosphorylation
and cell contraction.
ρ11(Ρ'ρ: targeting MLC phosphatase to the
cytoskeleton
Alternatively, high levels of MLC phosphatase
activity
will inhibit myosin
II-based
contractility by dephosphorylating the key
residues ThrlS and Seri 9. Recently, several
groups have demonstrated that high MLC
phosphatase activity can be maintained by
targeting the MLC phosphatase complex to the
actomyosin cytoskeleton (Fig. 2B). The
scaffold protein pll6 R i p associates with the
actomyosin cytoskeleton where it recruits and
activates the MLC phosphatase complex
[55,56]. Indeed, pll6 R i p enhances the catalytic
activity of the MLC phosphatase in vitro [57].
In addition, pll6 R ' p appears to affect MLC
phosphorylation indirectly as it was shown to
possess RhoGAP activity to downregulate
RhoA-GTP levels at the head of the signaling
cascade [57]. Accordingly, manipulation of
pll6 R i p gene expression affects MLC
phosphorylation levels and leads to cellular
phenotypes consistent with a modulation of
myosin II activity [55,57]. For instance, RNAi
knockdown of pll6 R i p leads to an increase in
MLC phosphorylation giving rise to either
stress fiber formation [57] or inhibition of
neuritogenesis
[55]. Collectively,
these
findings suggest that pll6 R i p regulates MLC
phosphorylation and consequently, actomyosin
contractility at multiple levels by acting as a

16

molecular scaffold for the MLC phosphatase
complex and as a local regulator of Rho.
Disruption ofMHCII interactions
S100A4: a regulator of myosin II filament
stability
Myosin II assembles into bipolar filaments in
order to accomplish its cellular function.
Myosin II filament assembly in nonmuscle
cells is dynamic and subject to both spatial and
temporal regulation [11,58]. The prevailing
notion is that nonmuscle myosin II filament
stability is predominantly regulated by
phosphorylation of the MLC. However, strong
experimental support is emerging for additional
mechanisms. Myosin II bipolar filaments arise
through electrostatic interactions between
MHCII helical tails [59]. Direct interference of
these interactions provides a potential
mechanism to disassemble myosin II filaments.
Proteins can interact with the helical tail
region critical for filament assembly to
destabilize interactions between myosin II
monomers. The metastasis-associated protein
S100A4 (Mtsl) may promote cell migration
and tumor metastasis by directly interacting
with the myosin IIA heavy chain (MHCIIA) in
a Ca2+-dependent manner to affect filament
formation [60,61] (Fig. 2C). Consistent with
this model, S100A4 binds specifically to the
MHCIIA isoform with the binding site
mapping to the region critical for filament
formation [60]. Moreover, S100A4 disrupts
existing myosin IIA filaments in vitro [14,60].
Overexpression of S100A4 to levels observed
in invasive carcinoma cells were shown to
affect cell polarization and protrusive activity
which could be mimicked by an antibody
against the S100A4-binding site in MHCIIA
that destabilizes myosin IIA filaments [61].
Thus, the local disruption of myosin IIA
filaments by S100A4 at the leading edge may
promote tumor cell dissemination by affecting
membrane protrusion and cell polarization
without affecting other aspects of cell
migration dependent on myosin II-based
contractility. The strong association with tumor
progression has made S100A4 an important
diagnostic marker for human cancers and
further underscores the necessity to maintain a
balance of myosin II activity in the cell [18,62].
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MHCII phosphorylation
Electrostatic interactions between myosin II
monomers may also be affected by altering the
charge composition of the MHCII α-helical
tail. Point mutations within the tail domain of
MHCIIA (MYH9; BOX 1), such as the
El84IK mutation, affect filament formation
giving rise to a variety of autosomal dominant
syndromes
[63]. These
MYH9-related
disorders generally lead to defects in platelet
formation but additional complications such as
hearing loss and kidney dysfunction are also
frequently observed [64]. Thus, myosin IIA
filaments are inherently unstable and
vulnerable to changes in charge of the MHCII
α-helical tail.
Under
physiological
conditions, a
reversible
process
such
as
MHCII
phosphorylation may serve to regulate filament
stability permitting the rapid remodeling of the
actomyosin cytoskeleton (Fig. 2D). In
Dictyostelium, MHCII phosphorylation is the
predominant mechanism controlling filament
stability [20], and this regulatory mechanism
may also be important in mammalian cells.
Several groups have shown that receptor
agonists induce a transient phosphorylation of
either MHCIIA [13,17,65] or MHCIIB
[15,16,66], which correlates with filament
disassembly. A number of kinases phosphorylate MHCIIA and MHCIIB including
calmodulin kinase II (CaMKII), casein kinase
II (CKII) and members of the PKC family [1417,65,67]. However, there exists a controversy
as to the predominant mode of regulation
between myosin IIA and IIB isoforms, in
particular with respect to the importance of
heavy chain phosphorylation for filament
stability. Initial studies reported that myosin
IIA was predominantly regulated by S100A4
binding, whereas myosin IIB was regulated by
heavy chain phosphorylation [68]. More
recently,
it
was
demonstrated
that
phosphorylation of either myosin IIA or IIB by
CKII and PKC isoforms leads to filament
disassembly [14]. Whereas CKII phosphorylates both myosin IIA and IIB, specific PKC
isoforms show selectivity towards the different
myosin II isoforms. For instance, PKCßll will
only phosphorylate myosin HA whereas
myosin IIB is phosphorylated by PKCy and

atypical Ρ ^ ζ [15-17]. Phosphorylation occurs
in both the helical and non-helical tailpiece of
myosin IIA and IIB and both areas are
considered important in the regulation of
filament stability [63]. Consistently, mutation
of phosphorylation sites in the MHCIIA helical
and MHCIIB nonhelical tail leads to
mislocalization of the protein in the cell (Clark
et al, Chapter 4; [15,16]). Together, these
findings support a role for MHCII
phosphorylation in regulating actomyosin
contractility in mammalian cells and, together
with the specific effect of S100A4 on myosin
IIA, suggest that different signaling pathways
regulate filament stability of each myosin II
isoform.

a-KINASES
In Dictyostelium, MHCII kinases regulate the
localization and assembly of myosin II during
cell division and migration [69-71]. MHCII
kinases inhibit myosin II function by
phosphorylating the MHCII tail on threonine
residues leading to filament disassembly and
consequently, a release in cortical tension [72].
These kinases are founding members of a novel
and rare kinase family known as α-kinases
[22]. Of the 518 protein kinases encoded by the
mammalian kinome [73], only 6 of those are akinases. With the exception of the ATPbinding site, α-kinases show only limited
sequence homology with other members of the
protein kinase superfamily
[22]. The
characteristic property of α-kinases is their
propensity to phosphorylate serine and
threonine residues in the context of an ahelical structure such as the coiled-coil domain
of myosins [74]. To date only two functions
have been attributed to the catalytic activity of
mammalian
α-kinases:
1)
eukaryotic
elongation factor-2 (eEF-2) kinase regulates
protein translation by phosphorylating eEF-2
[75] and 2) lymphocyte α-kinase (LAK; also
known as α-kinase 1) resides on golgi-derived
vesicles where it phosphorylates myosin I to
regulate the delivery of vesicles to the plasma
membrane [76]. Whether mammalian akinases are also implicated in actomyosin
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contractility has yet to be resolved and is the
major focus of this thesis.
The seminal investigation forming the basis
for this thesis is the demonstration that
bradykinin stimulation of neuronal cell lines
leads to a Ca2+-dependent phosphorylation of
the MHCIIA and myosin IIA disassembly at
the cell periphery, which correlates with cell
spreading and adhesion [13] (Fig. 3).
Intriguingly, two mammalian α-kinases, called
TRPM6 and TRPM7, are fused to a cation
channel. Thus, we hypothesized that the close
relationship between Ca2+-influx and MHCII
phosphorylation may be explained by the
encoding of a channel and a kinase in a single
polypeptide. For this study, we selected
TRPM7 as a candidate since it is ubiquitously
expressed in contrast to TRPM6, which has a
more restricted expression pattern consistent
with its role in maintaining Mg2+ homeostasis
in humans [77-79]. Moreover, our preliminary
experiments leading to chapters 2 and 3
indicated very early on that TRPM7 is
activated by bradykinin to mediate Ca2+-influx,
associates with the actomyosin cytoskeleton
and localizes in proximity to adhesion
structures.
TRPM7
Function
Transient Receptor Potential (TRP) cation
channels form a protein superfamily implicated
in a plethora of cellular functions including the
perception of temperature, pheromones,
osmolality, taste, touch and mechanical force
as well as ion homeostasis [80,81]. TRPM7
(BOX 3) is a member of the melastatin-related
subfamily of TRP (TRPM) channels, which is
a group of eight proteins displaying a wide
range of structural features, expression
patterns, ion selectivity, gating properties and
functions [82]. Three members of this TRPM
family, namely TRPM2, TRPM6 and TRPM7
are unique in the sense that they encode
channels fused to an enzymatic moiety at their
C-terminus. TRPM2 contains a NUDT9 Nudix
hydrolase activity whereas TRPM6 and
TRPM7 possess an α-kinase domain.
TRPM7 plays a vital role during
development and has been implicated in the
pathogenesis of several diseases including
18
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Figure 3. Regulation of actomyosin contractility by
bradykinin signaling. (A) Signal transduction pathway
downstream of the bradykinin receptor that activates an
unidentified MHCII kinase activity to promote
actomyosin relaxation and cell spreading. (B) Phase
contrast image of N1E-115 neuroblastoma cells that
were either unstimulated (right panel) or stimulated with
bradykinin for 30 min (left panel).

Guamanian neurodegenerative disorders and
Alzheimer's disease [83-85]. The TRPM7
mouse knockout is embryonic lethal (E6.5
days; Alexey Ryazanov, personal communica
tion). Notably, ablation of TRPM7 expression
in certain cell lines causes cell death but the
underlying mechanism appears to differ
between cell types. In TRPM7-deficient DT-40
Β cells, a reduction in the cytosolic Mg2+
concentration leads to growth arrest followed
by cell death [86,87]. Normal cell proliferation
can be restored by culturing TRPM7"'" DT-40 Β
cells in media supplemented with high (10
mM) Mg2+ concentrations [87]. TRPM7 thus
appears to have a prominent role in
maintaining cellular Mg2+ homeostasis in these
cells. However, in other cell types such as
neuroblastoma and retinoblastoma cells,
defects in cell growth due to loss of TRPM7
expression cannot be reverted by the addition
of Mg2+ ([88]; K. Clark et al., unpublished
results). In fact, Hanano and colleagues [88]
suggested that a defect in Ca2+ rather than Mg2+
homeostasis causes arrest of cell division.
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BOX 3. TRPM7 structure
TRPM7 possesses 6 transmembrane domains
flanked by large Ν- and C-terminal tails that reside
in the cytosol (Fig. Π). Within the N-terminal tail, 4
stretches of amino acids are present which are
conserved between the different members of the
TRPM subfamily but whose function is poorly
understood [82]. Proximal to the last trans
membrane domain in the C-terminal tail, there is
the TRP domain, a conserved stretch of amino
acids present in all TRP ion channels. In addition,
there is a coiled-coil domain and at the extremity,
an α-kinase domain [22].
The transmembrane domains organize within
the plasma membrane to form the channel with the
pore formed by a short stretch of amino acids
between the S* and β* transmembrane domains
[121]. The biochemical properties of these amino
acids dictate ion selectivity. Functional TRP
channels are organized either as homo- or
heterotetramers
[122,123].
However,
tetramerization generally occurs between channels from
within the same subfamily [124]. Several reports
have exposed novel TRP channel architectures but
the complement of channels at the cell surface
awaits a systematic investigation [122,124-126].
TRPM7 can associate with its closest
homologue TRPM6 [127]. The mechanism of
tetramerization is unknown. However, it has been
demonstrated that several TRP channels including
TRPM2 and TRPM8 require the presence of the
coiled-coil domain for the assembly of active
channels [128,129]. While the coiled-coil domain
within TRPM7 may
also contribute to

tetramerization, additional molecular determinants
exist. For instance, Chubanov and colleagues
demonstrated that a single point mutation within
the N-terminal tail of TRPM6 is sufficient to
prevent the assembly of TRPM6/7 channels [127].
Importantly, the homo- and heterotetramers have
unique
electrophysiological
properties
and
functions [130,131]. For instance, overexpression
of TRPM6 cannot rescue cell growth arrest due to
the ablation of TRPM7 [130]. Moreover, mutations
of TRPM6 cause familial hypomagnesemia with
secondary hypocalcemia, a disease characterized by
defects in renal and intestinal Ca2+ and Mg2+
absorption [77,78]. The disease progresses despite
the expression of TRPM7 in both the kidney and
intestine. Thus, TRPM6 and TRPM7 have unique
functions even though they share many structural
and electrophysiological features.
The crystal structure of the TRPM7 α-kinase
domain has been solved [132]. Both in solution and
in crystals, the kinase forms a dimer [105,132].
Despite showing very little sequence homology
with conventional kinases, the TRPM7 kinase
domain has a topology very similar to other kinases
like PKA. Moreover, several residues are located in
corresponding positions in both PKA and TRPM7
such as the lysine (K1646) required for binding
ATP and aspartate residues (D1765 and D1775)
that coordinate Mg2+ ions [132]. Additional
residues including R1622, K1727, N1731, Q1767,
Τ1774 and Ν1795 have also been demonstrated to
be critical for kinase activity [103].

Extracellular

mmmmmmm

f f 3t

Cytosol

'TRPM

mmmmmmmmmm
Kinase

Figure II. Domain architecture of TRPM7. The conserved domains in the N-terminus within the TRPM subfamily
are indicated in green, the 6 transmembrane domains in red, the selectivity filter between the S" and β"1 transmembrane
domain in yellow, the TRP domain in orange, the coiled-coil domain in purple and the kinase domain in blue.
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Irrespectively, these findings suggest a
prominent role for TRPM7 during development
by maintaining ion homeostasis
More recently, several investigations
implicate TRPM7 in a number of other cellular
functions including anoxic cell death,
exocytosis, mechanotransduction and cell
adhesion [67,89-93] Interestingly, these
processes depend on TRPM7-mediated signals
involving Ca2+ rather than Mg2+ influx
Moreover, these studies highlight that TRPM7
is not only present within the plasma
membrane but also resides in vesicles beneath
the cell surface [91,93] The delivery of
TRPM7 containing vesicles to the cell surface
enables the cell to rapidly increase the number
of TRPM7 channels within the plasma
membrane in response to stimuli such as
mechanical force [91] Thus, TRPM7 plays an
important role in controlling cellular behavior
beyond its role as a regulator of ion
homeostasis
Channel regulation
Under physiological conditions, TRPM7 is
principally a divalent cation channel [94]
TRPM7 conducts Ca2+ and Mg2+ but also trace
metal ions such as Ni2+, Co2+, Mn2+ and Zn2+
[86,94,95] The main characteristic of TRPM7
channels is their inhibition by physiological
concentrations of free Mg + ions and Mg +nucleotides, which is consistent with its role in
Mg2+ homeostasis [86,96-98] Accordingly,
depletion of intracellular Mg2+ activates
TRPM7 A detailed comparison of the
electrophysiological properties of TRPM7 with
those of endogenous Mg-Nucleotide-regulated
Metal (MagNuM) ion current or Magnesium
Inhibited Current (MIC) has demonstrated that
TRPM7 is the earner of this conductance
[86,97-99]
The molecular mechanisms regulating
TRPM7 activation downstream of receptor
stimulation remain controversial TRPM7
directly binds to several phosphohpase C
(PLC) isoforms [100] Triggering PLCmediated PIP2 hydrolysis leads to a rapid
closure of TRPM7 channels when TRPM7 is
pre-activated by Mg2+ depletion [100]
Administration of synthetic PIP2 to the inner
leaflet of the plasma membrane restores
20

TRPM7 conductance demonstrating that PIP2
is an essential cofactor [100] In contrast,
Takezawa and colleagues reported that PLC
stimulation has no effect on TRPM7 channel
gating [101] Rather, they suggest that TRPM7
is activated by a cAMP-PKA signalling
pathway [101] However, the response of
TRPM7 channels to agonist stimulation has yet
to be studied in intact cells, which is addressed
in Chapter 3

Role of kinase domain
The regulation and function of the TRPM7 akinase domain are poorly defined By analogy
to TRPM2 [102], protein kinase activity was
first considered to be an important regulator of
channel gating because TRPM7 channels are
inhibited by Mg2+ and Mg2+-nucleotides, which
are
required
for
enzymatic
activity
[87,96,100,101] However, a number of
findings including our own (Chapter 3) have
dissociated the protein kinase activity of
TRPM7 from channel opening 1) TRPM7
channels are inhibited by Mg2+-ADP and Mg2"1-GTP which cannot be used by the kinase
domain as a phosphodonor [96], 2) TRPM7
channels where the entire kinase domain has
been deleted remain sensitive to inhibition by
Mg2+ and Mg2+-nucleotide complexes [87,96],
3) point mutations in the TRPM7 kinase
domain that abolish phosphotransferase activity
do not appear to affect TRPM7 channel gating
(Chapter 2) and have only a minor effect on the
inhibition of TRPM7 channels by Mg + and
Mg2+ -nucleotides [103] Collectively, these
investigations support the view that kinase
activity is neither required for channel opening
nor that it is the internal Mg2* sensor Recently,
it has been proposed that the kinase domain
plays an important role in transmitting
receptor-denved signals to activate TRPM7
channels [101] Whether this regulatory
function of the kinase domain is essential for
all receptor-mediated activation of TRPM7
channels remains to be investigated and is
discussed in chapter 2
An alternative role for the kinase domain is
to transmit intracellular signals by phosphorylating downstream targets Ryazanov's group
have identified the first physiological substrate
of TRPM7, which is annexin I [104]
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Interestingly, phosphorylation of annexin I by
2+
TRPM7 is potentiated by Ca and inhibited by
2+
EGTA. However, Ca does not affect the
intrinsic catalytic activity of TRPM7 but
induces a conformational change in annexin I
that exposes the target residue [104,105]. A
current challenge is to identify the substrates of
the TRPM7 kinase and understand how these
phosphorylation events affect cellular behavior.
Finally, the molecular mechanisms that
regulate activation of the TRPM7 kinase have
yet to be unravelled. These different issues are
addressed in Chapters 2 and 4 through 7.

SCOPE OF THIS THESIS
α-kinases play a key role in actomyosin
remodeling in Dictyostelium. However, the
function of mammalian α-kinases is poorly
defined. Since MHCIIA phosphorylation in
mammalian cells is dependent on Ca2+-influx,
we investigated the hypothesis that TRPM7
could link receptor-mediated signalling with
the regulation of actomyosin contractility. In
Chapter 2, the ability of TRPM7 to modulate
actomyosin contractility and cell adhesion is
directly shown in a mouse neuroblastoma
model cell line. TRPM7 associates in a Ca2+and kinase-dependent manner with actomyosin
cytoskeleton, which leads to MHCIIA
phosphorylation. Accordingly, TRPM7 overexpression and activation leads to remodeling
of cell adhesions, a phenotype that can be
mimicked by pharmacological inhibition of
myosin II. Our biochemical and cell biological
assays demonstrate that TRPM7 is activated by
PLC-coupled receptor agonists, which is in
sharp contrast to a previous report where PIP2
hydrolysis induced closure of TRPM7 channels
[100]. In Chapter 3, we address this
controversy by studying the effect of receptor
stimulation on TRPM7 channels using non
invasive techniques. We demonstrate that
TRPM7 is activated by PLC-coupled agonists
when physiological concentrations of Mg2* are
present in the cell. In Chapter 4, the molecular
mechanism by which TRPM7 directly affects
myosin IIA activity is addressed. By means of
bioinformatic and proteomic approaches, we
find that TRPM7 exclusively phosphorylates

the MHCIIA on ThrlSOO, Seri803 and
Seri 808. Mutation of these residues to aspartic
acid destabilizes myosin IIA interactions
leading to a redistribution of the protein to a
cytosolic compartment away from the cortex.
Chapter 5 describes a biochemical characteri
zation of nonmuscle myosin II phosphorylation
by TRPM6 and TRPM7. We demonstrate that
TRPM6 and TRPM7 efficiently phosphorylate
the heavy chains of myosin IIA, IIB and HC on
conserved stretches of amino acids in the
helical and nonhelical tails. In contrast,
TRPM6 and TRPM7 do not phosphorylate
eEF-2 whereas myosin II is a poor substrate for
eEF-2 kinase. Thus, members of the α-kinase
family preferentially phosphorylate a distinct
set of proteins consistent with their cellular
functions. To further investigate the relation
ship between TRPM7 and the actomyosin
cytoskeleton, we describe a detailed proteomic
characterization of the TRPM7 interactome in
Chapter 6. Interestingly, TRPM7 associates
with many components involved in the
regulation of actomyosin contractility and actin
polymerization that are known components of
podosomes. We also extend this information by
linking new proteins, such as the myosin II
scaffold protein pll6 R i p , to these adhesion
structures. In Chapter 7, we describe the first
molecular mechanism regulating the activation
of the TRPM7 kinase. Our data support a
model where massive autophosphorylation
outside the catalytic domain of TRPM7
generates
a charge-dependent
substrate
recognition domain that greatly enhances the
phosphorylation of substrates such as myosin
II. Finally, we integrate our findings into a
working model in Chapter 8.
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Actomyosin contractility regulates various
cell
biological
processes
including
cytokinesis, adhesion and migration. While
in lower eukaryotes α-kinases control
actomyosin relaxation, a similar role for
mammalian α-kinases has yet to be
established. Here, we examined whether
TRPM7, a cation channel fused to an akinase, can affect actomyosin function. We
demonstrate that activation of TRPM7 by
bradykinin leads to a Ca2+- and kinasedependent interaction with the actomyosin
cytoskeleton.
Moreover,
TRPM7
phosphorylates the myosin IIA heavy chain.
Accordingly, low overexpression of TRPM7
increases
intracellular
Ca2+
levels
accompanied by cell spreading, adhesion
and the formation of focal adhesions.
Activation
of
TRPM7
induces
the
transformation of these focal adhesions into
podosomes
by
a
kinase-dependent
mechanism, an effect that can be mimicked
by pharmacological inhibition of myosin II.
Collectively, our results demonstrate that
regulation of cell adhesion by TRPM7 is the
combined effect of kinase-dependent and independent pathways on actomyosin
contractility.

INTRODUCTION
Actomyosin contractility in nonmuscle cells
plays a fundamental role in regulating basic
cellular functions such as cell shape,
cytokinesis, adhesion and migration [1-3]

Myosin II is the major motor protein driving
contractility Regulators of myosin II-based
contractile responses mclude the Rho GTPase
family and their effectors, myosin light chain
(MLC) kinases and phosphatases as well as
myosin heavy chain (MHC) kinases [1,2] The
Dictyostehum genome encodes several MHC
kinases, which are essential for proper
localization and assembly of myosin II during
cell division and migration [4-6] Myosin II
assembles into bipolar thick filaments that
generate cortical tension by pulling together
oppositely oriented actin filaments MHC
kinases inhibit myosin II function by
phosphorylating the MHC tail on threonine
residues leading to filament disassembly and
consequently, a release in cortical tension [7]
The cell biological effects of overexpression or
knockout of these MHC kinases are consistent
with this paradigm Defects in cytokinesis due
to overexpression of MHC kinases are reversed
by expressing a MHC mutant that cannot be
phosphorylated and therefore forms stable
myosin filaments [5] Thus, MHC kinases play
a key role in actomyosin remodeling in
Dictyostehum
Dictyostehum MHC kinases belong to a
rare and novel class of kinases known as akinases that, with the exception of the ATPbinding site, show only limited sequence
similarity with other members of the protein
kinase superfamily [8] Based on m vivo
substrates identified to date, these kinases
preferentially phosphorylate threonine residues
presented within the context of an a-helix,
hence the name a-kmases [8] Whether
29

Chapter 2

mammalian α-kinases also regulate actomyosin
contractility has yet to be established.
The mammalian genome encodes several
α-kinases whose function, with the exception
of elongation factor-2 kinase, is unknown [9].
Notably, TRPM6 and TRPM7 are two
biflinctional proteins encoding a TRP cationic
channel fused to a COOH-terminal α-kinase
domain. Electrophysiological characterization
of TRPM7 has suggested that it forms part of
the channel responsible for the Magnesium
Inhibited Current (MIC) and is implicated in
cellular Mg2+ homeostasis [10-12]. However,
TRPM7 may also relay signals by
phosphorylating
downstream
effector
molecules. In line with a hypothesized role for
TRPM7 as an active component in receptor
mediated signal transduction, it was reported
that TRPM7 channels are highly permeable to
Ca2+, that the TRPM7 COOH-terminus
associates with phospholipase C (PLC)
isoforms and that PLC activation regulates
TRPM7 channel opening [13-15]. We have
previously found that bradykinin, a Gq-PLC
coupled receptor agonist, induces Ca + dependent phosphorylation of the MHC and
disassembly of myosin IIA at the cell
periphery, which correlates with cell spreading
and adhesion in mammalian cells [16]. Thus,
we hypothesized that the coupling of a cation
channel to an α-kinase in a single polypeptide
could explain the close relationship between
Ca + signaling and Ca2+-dependent actomyosin
remodeling. Here, we investigated whether
TRPM7 could link receptor-mediated signaling
to cytoskeletal contractility and cell adhesion.

RESULTS
TRPM7 mediates bradykinin-induced
calcium influx
To examine a role for TRPM7 in the regulation
of actomyosin contractility, an HA-tagged
TRPM7 cDNA encoding wild-type (TRPM7WT) or a kinase-dead mutant (TRPM7D1775 A) were introduced into N1E-115
neuroblastoma cells by retroviral transduction
(a technique that allows low, near
physiological expression of recombinant
proteins; Supplementary Fig. SI). Both
TRPM7-WT and TRPM7-D1775A were
30

equally expressed at 2-3 times over
endogenous TRPM7 levels (Fig. 1A,
Supplementary Fig. S2 and [15]). Both
TRPM7-WT and TRPM7-D1775A run as
doublets at 216 kDa due to differential
glycosylation (Supplementary Fig. S3).
Moreover, proper localization of TRPM7-WT
and TRPM7-D1775A to the plasma membrane
was confirmed by fluorescence microscopy
(Supplementary Fig. S3; see also Fig. 4).
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Figure 1. TRPM7 enhances receptor-operated Ca
influx. (A) Expression of TRPM7-WT and TRPM7D1775A in N1E-115 neuroblastoma cells was detected
by IP-Western blot using antibodies against the HA-tag.
Cells containing the empty vector were used as control
in all experiments. (B) TRPM7 expression causes
sustained Ca2+ influx following BK stimulation
independently of kinase activity. Left panel, typical time
course of BK-induced Ca2+ changes in control N1E-115
cells; other panels, BK-induced Ca2+ mobilizations in
N1E-115/TRPM7 cells. The sustained influx depends on
Ca2+ influx since it is acutely blocked by extracellular
La3+ and Gd3+ (data not shown). (C) Quantification of
Ca2+ data for control and TRPM7-overexpressing cells
(mean ± SEM from at least 20 experiments for each
condition). Significant differences (*) are f < 0.01 from
values obtained in control Ν IE-115 cells.
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Initially, we investigated by Ca
fluorometry whether TRPM7 is activated
following stimulation with bradykinin (BK), a
peptide agonist that promotes actomyosin
relaxation in N1E-115 cells [16]. Low
overexpression of TRPM7 in Ν IE-115 cells
resulted in a moderate elevation of the resting
Ca2+ levels (109 ± 9 nM vs. 85 ± 4 nM). The
addition of BK triggered a rapid increase in
cytosolic Ca2+ from internal stores in both
parental and TRPM7 transduced cells.
Strikingly in N1E-115/TRPM7 cells, this initial
Ca2+ transient was followed by a sustained
phase of elevated Ca2+ that lasted for several
minutes before returning to basal levels and
was not observed in the parental cells (Fig.
IB). Removal of extracellular Ca2+ by BAPTA
immediately terminated the plateau phase (data
not shown). Patch-clamp studies and inhibitor
profiling identified TRPM7 as the channel
responsible for the Ca2+ influx [15]. Finally,
channel activation of kinase-dead TRPM7D1775A by BK was not altered in comparison
to TRPM7-WT (Fig. 1B,C), demonstrating that
TRPM7 kinase activity is not required for BKinduced Ca2+ influx. From these results, we
conclude that TRPM7 functions as a BKregulated Ca2+ channel in N1E-115 cells.
TRPM7 expression promotes cell
spreading and increases cell-matrix
adhesion
Mouse N1E-115 neuroblastoma cells are an
excellent model system to study the regulation
of actomyosin contractility since signals that
either activate contraction or promote
relaxation are rapidly translated into cell
rounding or cell spreading responses,
respectively [16-18]. Consistent with a role for
TRPM7 in actomyosin regulation, N1E115/TRPM7 cells showed enhanced spreading
when compared to the parental cells (Fig.
2A,B). In addition to effects on cell spreading,
low overexpression of TRPM7 increased cellmatrix adhesion of N1E-115 cells (Fig. 2A,C).
Both effects of TRPM7 were independent of
kinase activity, suggesting that Ca2+-dependent
mechanisms account for the morphological
differences between parental and TRPM7transduced cells.
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Figure 2. TRPM7 overexpression induces cell
spreading and increases cell adhesion. (A) Phase
contrast images of control, TRPM7-WT and TRPM7D1775A expressing N1E-115 cells. Scale bar = 50 μιη.
(Β) Cell surface area covered by Ν IE-II5 cells
expressing WT and kinase-dead TRPM7. Cells were
stained for F-actin and cell surface area was calculated
by quantifying the amount of pixels that exceeded a
threshold (n>5). (C) Quantification of cell adhesion of
N1E-I15 cells expressing WT and kinase-dead TRPM7
(n=3). Significant differences (*) are .P < 0.01 from
values obtained in control N1E-115 cells.

TRPM7 activation leads to podosome
formation
In light of the effects of TRPM7 on cell
morphology and adhesion, we further
investigated the effect of low TRPM7
overexpression
and activation on the
subcellular distribution of F-actin, myosin IIA
and vinculin by confocal microscopy (Fig. 3A).
Control
N1E-115
cells
displayed
a
predominantly cortical distribution of F-actin
and myosin IIA, with little or no focal
adhesions nor stress fibers. Following BKinduced cell spreading, a part of this peripheral
actomyosin was lost while small focal
adhesions could now be observed at the cell
periphery by vinculin staining. In N1EI15/TRPM7 cells, a profound redistribution of
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Figure 3. Activation of TRPM7 induces actomyosin reorganization in conjunction with podosome formation. (A)
TRPM7 activation induces actomyosin reorganization and formation of podosomes in N1E-115/TRPM7 cells. Cells
were either serum starved (0.1% FCS) or stimulated with BK (10 nM; 30 min) and stained for actin (red), myosin IIA
heavy chain (green) and vinculin (blue). Cells were analyzed by confocal microscopy. Scale bar = 20 μιη. (Β) Increase
in cell surface area and production of podosomes occurs within minutes of BK stimulation in N1E-115/TRPM7 cells.
N1E-115/TRPM7 cells expressing GFP-ß-actin were followed by confocal microscopy before and after BK stimulation.
Cell surface area was measured as described in Materials and Methods. Grayvalues are displayed using the Fire
LookUpTable (LUT) of the public domain software Image J (National Institutes of Health, Bethesda, USA). Left panel,
a restmg cell; middle panel, the same cell 12 min post-BK stimulation; right panel, kinetics of BK-induced cell
spreading. A movie is provided as supplementary data. Scale bar =15 μιη. (C) High magnification of myosin lattices
found in N1E-115/TRPM7 cells following BK stimulation. N1E-115/TRPM7 cells were transfected with GFP-myosin,
stimulated with BK and stained for actin. Scale bar = 2 μιη.
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Figure 4. TRPM7 is present at the cell surface and localizes to cell adhesion structures. N1E-11S/TRPM7-WT cell
were stimulated with BK (10 nM; 30 min). Subsequently, TRPM7 was detected using anti-HA (3F10) antibody
followed by alexa 488-conjugated anti-rat IgG. The actin cytoskeleton was visualized using phalloidin-texas red. (A)
TRPM7 is found in membrane ruffles. Scale bar = 10 (im. (B) TRPM7 forms a ring surrounding the actin dense core of
podosomes. Scale bar = 10 μπι. (C) High magnification of TRPM7 rings within podosomes. Scale bar = 5 μιη. A rat
IgG control antibody did not show any specific staining (data not shown).

actomyosin was observed. In contrast to the
parental cells, focal adhesions were already
present in unstimulated cells, whereas myosin
IIA was dispersedly staining the cytoplasm.
BK stimulation caused further cell spreading
and increased the number and size of adhesion
complexes. These responses were noticeable
within 2 min and peaked at approximately 10
min after BK stimulation (Fig. 3B and
Supplementary Movie 1). The architecture and
size (~1 μιη) of these adhesion structures were
remarkably different from the focal adhesions
observed in unstimulated cells and resembled
that of podosomes [19]. Similar to podosomes,
the TRPM7-induced adhesions, found at the
interface of the cell and matrix, had a diameter
of approximately 1 μιη. Moreover, they
consisted of an actin core surrounded by
vinculin and conspicuous myosin lattices that

were no longer associated with actin stress
fibers (Fig. 3C). We conclude therefore, that
TRPM7 activation promotes the formation of
podosomes.
TRPM7 is present at the cell surface in
proximity to cell adhesion structures
To examine whether TRPM7 may affect cell
adhesion locally, we investigated the cellular
distribution of TRPM7 by immuno
fluorescence. TRPM7 was clearly present
within membrane ruffles indicating that the
protein is localized at the cell surface (Fig. 4A).
In addition, TRPM7 is enriched in cell
adhesions where it is found in the podosome
ring structure, together with myosin IIA (Fig.
4B,C). Our results suggest that TRPM7
regulates cell adhesion by directly affecting
components within these structures.
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WT

D1775A

Figure 5. Regulation of podosome formation by
TRPM7 is kinase-dependent. N1E-115/TRPM7-WT
and N1E-115/TRPM7-D1775A cells were stimulated
with BK. (10 nM; 30 min) and stained for actin (red),
myosin IIA heavy chain (green) and vinculin (blue).
Cells were analyzed by confocal microscopy. Scale bar =
20 um.

Induction of podosomes by TRPM7 is
mediated by
a kinase-dependent
mechanism
Although the global effects of TRPM7 on cell
spreading and adhesion appear to be
independent of kinase activity, we tested
whether the TRPM7 kinase domain affects the
subcellular organisation of the actomyosin
cytoskeleton. By confocal microscopy, we
compared N1E-115 cells expressing TRPM7WT with cells expressing the kinase-dead
TRPM7-D1775A mutant. No clear differences
were noticed between unstimulated cells (data
not shown). However to our surprise, cells
expressing kinase-dead TRPM7 failed to
induce podosomes in response to BK
stimulation (Fig. 5). We conclude that TRPM7
activation results in a kinase-dependent
remodeling of the actomyosin cytoskeleton,
leading to the assembly of podosomes.
Inhibition of myosin II function leads to
podosome formation both in cells
expressing wild-type and kinase-dead
TRPM7
Actomyosin contractility plays a central role in
regulating the assembly and dissasembly of
adhesive contacts [3]. Notably, the formation
of podosomes requires a local inhibition of
actomyosin contractility suggesting that
TRPM7 may regulate podosome assembly by
promoting relaxation of the actomyosin
cytoskeleton [20]. To further test this model,
we investigated the effect of directly inhibiting
myosin Π function on cell adhesion in N1E34

115 cells expressing TRPM7-WT and TRPM7D1775A. Treatment of cells with blebbistatin
(a selective inhibitor of myosin II ATPase
activity) led to the transformation of focal
adhesions into podosomes independently of
TRPM7 kinase activity (Fig. 6A). These effects
of blebbistatin do not require exogenous
TRPM7 as parental N1E-115 cells also produce
podosomes in response to myosin II inhibition
(Supplementary Fig. S4). Notably, the adhesive
structures formed upon blebbistatin treatment
are remarkably similar to those formed after
BK stimulation of N1E-115/TRPM7-WT cells
(Fig. 6B). These findings indicate that the
transformation of normal focal adhesions into
podosomes by BK-mediated activation of
TRPM7 is due to a kinase-dependent inhibition
of myosin II function.
TRPM7 interacts with the actomyosin
cytoskeleton
Since TRPM7 is a member of the α-kinase
family, we hypothesized that it may affect
actomyosin
remodeling
and podosome
assembly by directly coupling to and
potentially
phosphorylating
components
present within the actomyosin cytoskeleton.
Therefore, we precipitated TRPM7 complexes
with anti-HA antibodies and detected the
presence of associated proteins by Western
blotting. Both ß-actin and the myosin IIA
heavy chain were present in a complex with
TRPM7 (Fig. 7A). Importantly, endogenous
TRPM7 also associates with the actomyosin
cytoskeleton (Fig. 7B). This interaction indeed
suggests that TRPM7 can affect actomyosin
function through a direct association with
cytoskeletal proteins.
Bradykinin causes calcium- and kinasedependent association of the TRPM7
COOH-terminus with myosin IIA
Since TRPM7 activation by BK results in Ca2+
-influx and a kinase-dependent remodeling of
the actomyosin cytoskeleton, we investigated
whether the interaction between TRPM7 and
the actomyosin cytoskeleton is subject to
regulation. BK
stimulation of
N1E115/TRPM7 cells led to a transient increase in
the amount of TRPM7-associated myosin IIA
(Fig. 7C,D). Its kinetics closely correlate with
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Figure 6. Inhibition of myosin II function in N1E-115 cells expressing TRPM7-WT and TRFM7-D1775A leads to
podosome formation. (A) NlE-115/TRPM7-WT and NIE-115mu > M7-D1775A cells were incubated in the presence
of vehicle control or 50 μΜ blebbistatin for 30 min. Cells were stained for actin (red), myosin (green) and vinculin
(blue) and visualized by confocal microscopy. Scale bar =15 μιη. (Β) High magnification view shows that the adhesion
complexes induced by BK and blebbistatin in NlE-115/TRPM7-WT cells are architecturally similar since they consist
of an actin dense core surrounded by a ring of vinculin and myosin IIA. Scale bar = 5 μηχ

those of calcium influx in response to TRPM7
activation (refer to Fig. 1) with maximal
association observed at about 2 min after
agonist addition. Moreover, chelation of Ca2+,
using BAPTA or EDTA, abrogated the
association between TRPM7 and myosin IIA
(Fig. 7E). These results indicate that the
interaction between TRPM7 and myosin IIA is
strictly Ca2+-dependent, and suggest that
TRPM7-mediated Ca2+ influx enhances the
TRPM7/myosin ILA interaction. However, in

addition to Ca2+, the association of TRPM7
with the cytoskeleton requires an active kinase
domain since the kinase-dead TRPM7-D1775A
mutant did not interact with myosin IIA (Fig.
7F). A soluble COOH-terminus variant
containing the kinase domain of TRPM7 also
interacted with myosin IIA (Fig. 7G). We
conclude therefore that the interaction between
TRPM7 and myosin HA is mediated by the
COOH-terminus and requires an active kinase
domain.
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Figure 7. TRPM7 activation promotes its association via the COOH-terminus with the actomyosin cytoskeleton
in a calcium- and kinase-dependent manner. In all experiments (except panel Β), Ν IE-115 control or TRPM7transduced cells were lysed and incubated with anti-HA-coupled protein G beads for 3 h at 40C. Proteins in the
complex were detected by Western blotting. (A) Coimmunoprecipitation of TRPM7 with ß-actin and myosin IIA. Top,
detection of TRPM7 with anti-HA antibodies; middle and bottom, detection of myosin IIA and ß-actin, respectively, in
the immune complexes (IP, left) and total lysates to control for protein levels (TL, right). (B) Endogenous TRPM7
associates with the actomyosin cytoskeleton. PC 12 lysates were incubated with pre-immune serum or anti-TRPM7
serum and protein complexes were isolated using protein G-sepharose. The presence of myosin IIA was detected by
Western blotting. Top, detection of associated myosin IIA heavy chain in immunoprecipitates; and Bottom, in total
lysates. (C) Coimmunoprecipitation of TRPM7 with myosin IIA heavy chain in the pre- and post-BK stimulation (10
nM, 1 min). Top, detection of counmunoprecipitated myosin IIA. Middle, detection of TRPM7 with anti-HA
antibodies. Bottom, detection of myosin IIA heavy chain in total lysates to control for protein levels. (D) Kinetics of
BK induced TRPM7 association with myosin IIA heavy chain. Cells were stimulated with BK (10 nM) for the
indicated times and TRPM7 was immunoprecipitated using anti-HA antibodies. Top, Western blot showing
counmunoprecipitated myosin IIA heavy chain. Bottom, detection of myosin IIA heavy chain in total lysates. (E)
Interaction between TRPM7 and myosin ILA heavy chain is Ca2+-dependent. N1E-1I5/TRPM7 cells were preincubated with 10 mM BAPTA or EDTA for 1 min prior to cell lysis and TRPM7 was immunoprecipitated using antiHA antibodies. (F) TRPM7-D1775A does not interact with myosin IIA heavy chain. TRPM7-WT and -D1775A were
immunoprecipitated with anti-HA antibodies and associating myosin IIA heavy chain was detected by Western
blotting. (G) The COOH-terminus of TRPM7 interacts with myosin IIA. The soluble COOH-terminus of TRPM7 (a.a.
1158-1864) was immunoprecipitated from N1E-II5/TRPM7-C cells with anti-HA antibodies and associated myosin
HA was detected by Western blotting. Top, detection of associated myosin IIA heavy chain; bottom, detection of
TRPM7-C using anti-HA antibodies in immunoprecipitation (IP, left) and in total lysates (TL, right).
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TRPM7 phosphorylates myosin HA
heavy chain
Hitherto, we have shown that TRPM7
associates with myosin IIA in a regulated
manner and that both activation of TRPM7-WT
(but not TRPM7-D1775A) and inhibition of
myosin II function produce podosomes
suggesting that TRPM7 activation promotes
actomyosin relaxation. How does TRPM7
mediate the inhibition of myosin II fiinction?
By analogy to regulation of Dictyostelium
myosin II function, we have previously
proposed
that
Ca2+-dependent
MHC
phosphorylation contributes to cytoskeletal
relaxation [16]. The finding that TRPM7
coprecipitates with myosin HA, particularly
after BK stimulation, enabled us to test whether
TRPM7 can phosphorylate myosin IIA heavy
chain. Since TRPM7 and myosin IIA heavy
chain co-migrate on SDS-PAGE gels, TRPM7
was immunoprecipitated both under conditions
that favor association and dissociation (low vs.
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high stringency) of the cytoskeletal complex
allowing us to distinguish between TRPM7
autophosphorylation and myosin phospho
rylation. By in vitro kinase assays, TRPM7
underwent autophosphorylation in agreement
with earlier findings [10,13,21] (Fig. 8A;
bottom panel). Strikingly, clear phospho
rylation of associated myosin IIA heavy chain
(which runs slightly faster than TRPM7) was
also observed in these kinase reactions (Fig.
8A; bottom panel). In contrast, actin was not
phosphorylated (data not shown).
To demonstrate that TRPM7 directly
phosphorylates myosin IIA heavy chain, a
myosin tail fragment was expressed as a GSTfusion protein in E. coli to serve as substrate
whereas TRPM7 was immunoaffinity purified
from mammalian cells or the COOH-terminus
of TRPM7 was purified from E. coli. In in vitro
kinase assays, immunoaffinity purified WT but
not kinase-dead TRPM7 efficiently phosphory
lated recombinant myosin IIA (Fig. 8B).

Figure 8. TRPM7 phosphorylates myosin IIA heavy chain. (A)
In vitro kinase assay detecting the phosphorylation of associated
myosin IIA heavy chain by TRPM7. TRPM7/myosin IIA heavy
chain complexes were isolated before and after stimulation of Ν1 Ε
Ι 15 control and N1E-1 \5/TRPM7 cells with BK (10 nM, 2 min)
under low ( 1 % triton X-100) and high ( 1 % triton X-100/ 0.5%
deoxycholate/ 0.1% SDS) stringency conditions. Substrates of
TRPM7 were detected by labeling protems with γ-ΐ2Ρ-ΑΤΡ,
separating products of the m vitro kinase assay by SDS-PAGE (6%
gel) followed by autoradiography. Top, Coomassie staining of
precipitated proteins. Bottom, autoradiogram of phosphorylated
protems. Note that myosin association is lost under high stringency
conditions ( 1 % triton X-100/ 0.5% deoxycholate/ 0.1% SDS)
whereas TRPM7 autophosphorylation is unaffected. (B) TRPM7
phosphorylates recombinant myosin IIA. TRPM7-WT and D1775A were immunoaffinity purified from HEK293 cells using
anti-HA antibodies under high stringency and mixed with 2 μ§ of
GST or GST-myosin IIA in kinase buffer. To detect
phosphorylated myosin IIA, the proteins were separated by SDSPAGE (12 % gel) followed by autoradiography. Top, Coomassie
staining of GST-fusion protems. Note that GST co-migrates with
the antibody light chain (Ig LC). Middle, autoradiogram of
phosphorylated GST-fusion proteins. Bottom, autoradiogram
showing autophosphorylation of WT but not kinase-dead TRPM7
(C) Recombinant TRPM7 kinase phosphorylates myosin HA. The
TRPM7 kinase domain (1403-1864 aa) was produced in E. coli as
a fusion with maltose binding protein and purified on an amylose
column. The purified kinase was incubated with 2 μg of GST or
GST-myosin IIA in kinase buffer. The proteins were resolved on a
12% SDS-PAGE gel and detected by coomassie. Phosphorylated
protems were visualized by autoradiography. Left, coomassie
staining of gel; right, autoradiogram.
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Notably, GST was not phosphorylated by
TRPM7 (Fig 8B) Similar results wereobtained
when using the soluble COOH-terminus of
TRPM7 (data not shown) Importantly,
contaminating actin in the purified TRPM7
fractions is below detection levels and
disruption of the actin cytoskeleton prior to
TRPM7 purification had no effect on the level
of myosin II phosphorylation arguing against
the presence of contaminating kinases
(Supplementary Fig S5) Finally, recombinant
TRPM7 purified from E coli lysates also
efficiently phosphorylated myosin IIA, in the
absence of other sources of eukaryotic proteins
(Fig 8C) Thus, TRPM7 itself and not an
associated kinase is responsible for myosin IIA
heavy chain phosphorylation Collectively, our
results demonstrate that TRPM7 associates
with the actomyosin cytoskeleton in a Ca2+and kinase-dependent manner to regulate
myosin
II activity
and
consequently,
actomyosin contractility Moreover, our in
vitro kinase data suggest that phosphorylation
of the myosin IIA heavy chain by TRPM7
serves as a regulatory mechanism

DISCUSSION
In this study, we have tested the hypothesis that
TRPM7, by analogy to its α-kinase family
members
from
Dictyostehum,
affects
actomyosin contractility We provide evidence
that TRPM7 promotes relaxation of the
actomyosin cytoskeleton via a kinasedependent inhibition of myosin II, potentially
involving
myosin
IIA
heavy
chain
phosphorylation The evidence includes i)
electrophysiological measurement of TRPM7
channel opening after BK stimulation, n)
biochemical analyses of the TRPM7 complex
2+
showing that TRPM7 interacts in a Ca - and
kinase-dependent manner with an actomyosin
protein complex, in) in vitro kinase reactions
demonstrating that TRPM7 phosphorylates
myosin IIA heavy chain, and iv) cell biological
studies revealing that TRPM7 promotes a loss
of cortical tension leading to podosome
formation by a kinase-dependent mechanism
Collectively, our data indicate that TRPM7
plays a role in linking receptor-mediated
signals to actomyosin remodeling and cell
38

adhesion Furthermore, our observations reveal
for the first time that TRP channels affect the
cytoskeleton by directly associatmg with
cytoskeletal proteins in a highly regulated
manner
What is the relationship between channel
opening and the kinase domain'' Several
studies have suggested that kinase activity
regulates TRPM7 channel opening [10,13]
However, in our model system, TRPM7
channel opening was independent of kinase
activity, since the responses to BK stimulation
were identical between cells expressing WT
and kinase-dead TRPM7 While TRPM7
kinase activity does not directly affect channel
opening, it cannot be excluded that actomyosin
remodeling serves to regulate TRPM7 function
in an indirect manner as reported for other TRP
channels [22,23] Based on our observations,
rather than the kinase domain regulating
TRPM7-channel
function,
the
reverse
relationship exists In this model (Fig 9),
phosphorylation
of
downstream
targets
(myosin II, annexin I, [24]) by the TRPM7kinase domain is tightly regulated by ion-influx
(Ca2+, Mg2+) through the TRPM7-channel In
support of this model, we observed that Ca2+ is
strictly required for the association of TRPM7
with the cytoskeleton, that increased Ca + influx through TRPM7 upon agonist-induced
activation enhances its association with myosin
IIA and that MHC phosphorylation is strictly
Ca2+-dependent [16] Recently, Dorovkov and
Ryazanov [24] showed that phosphorylation of
annexin I by TRPM7 is potentiated in vitro by
the addition of Ca2+ and conversely, is
inhibited by chelation of Ca2+ Therefore, we
propose that ion influx through the channel
pore regulates the TRPM7 kinase domain by
controlling the recruitment of its substrates
Kinases are maintained in an active state by
intramolecular and intermolecular proteinprotein or protein-hpid interactions [25,26]
Activation of kinases generally involves
autophosphorylation or transphosphorylation at
regulatory sites inducing conformational
remodeling to expose the catalytic domain to
its substrate We postulate that TRPM7 is
similarly regulated, since its kinase activity
appears to be essential for its association with
the actomyosin cytoskeleton Autophospho-
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Figure 9. Regulation of actomyosin contractility by
TRPM7. (A) In the resting state, TRPM7 is not
associated with the actomyosin cytoskeleton (1). (B)
Stimulation of cells with PLC-activating agonists
induces TRPM7-mediated Ca 2+ influx (2) as well as
TRPM7 kinase activity. Autophosphorylation (3)
promotes a conformational change within TRPM7
allowing for Ca2+-dependent association with myosin
IIA (4). (C) Subsequently, TRPM7 phosphorylates the
myosin ILA heavy chain, presumably leading to
dissociation of myosin filaments and cytoskeletal
remodeling (5).

rylation of TRPM7, which occurs on serine and
threonine residues [10,21], may release a
cryptic binding site for myosin IIA heavy chain
(Fig. 9). Thus, autophosphorylation of TRPM7
may serve as an important regulatory
mechanism to modulate the interactions
between TRPM7 and its substrates.
A functional consequence of TRPM7
activation is an increase in cell adhesion and
spreading, which involves both kinasedependent and -independent
pathways.
Expression of a TRPM7 kinase-dead mutant
still promotes cell adhesion and spreading but
does not lead to the formation of podosomes
upon BK stimulation. The fact that the global
effects of TRPM7 on cell morphology are
independent of kinase activity or its association
with the cytoskeleton may reflect the increase
in cytosolic Ca2+ concentrations observed in
TRPM7-transduced cells. Indeed, reducing the
internal Ca + concentration with BAPTA-AM
impaired cell spreading (data not shown). Ca2+
may act directly at the level of integrin
activation
or
affect
the
actomyosin
cytoskeleton. The activation of integrins can
lead to the remodeling of the actomyosin
cytoskeleton to promote cell spreading via
outside-in
signaling
pathways
[27].
Alternatively, C a + is an important second
messenger in actin remodeling including
polymerization, severing of filaments and Factin-membrane
interactions
[28,29].
Moreover, since TRPM7 can directly interact
with PLC-isoforms, it may influence local
concentrations of PIP2, and thus affect actin
polymerization [30].
The kinase-dependent effects of TRPM7 on
cell adhesion are consistent with a role in
regulating myosin IIA-dependent contractile
responses. Notably, both BK stimulation and
myosin Π inhibition of N1E-115/TRPM7 cells
induces the formation of large podosomes.
Spatial and temporal regulation of actomyosin
contractility is central to modulating the
assembly and disassembly of focal adhesions
and podosomes [2,3,19,20,27]. While local
regulation of contractility appears to be
controlled by Rho GTPases [20], α-kinases
may also fulfill a role in spatial and temporal
regulation of myosin II activity. Indeed,
TRPM7, which is expressed at the cell surface.
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was found enriched in cell adhesion structures
By similarity, Dictyostehum myosin II function
is precisely regulated by a family of MHC
kinases with each member possessing a unique
spatial distribution [31] Therefore, we
postulate that an increase in TRPM7-mediated
MHC phosphorylation contributes to local
relaxation of the cortical cytoskeleton causing
the transformation of focal adhesions into
podosomes Ablation of TRPM7 kinase activity
maintains myosin-based cytoskeletal contracti
lity preventing the reorganization of focal
adhesions Hence, TRPM7 regulates cell
adhesion by modulating actomyosin contractili
ty in a kmase-dependent manner and it is
tempting to speculate that this phenomenon
operates through MHC phosphorylation
How to reconcile the small increase in
TRPM7 expression (2-fold) with dramatic
changes in cell morphology and response to
BK? Although the kmase activity of TRPM7 is
a linear relationship with concentration in vitro,
it is most likely not linear in vivo as the protein
will be subject to regulation In support of this
hypothesis, we have found that TRPM7
channels have increased activity as measured
by patch-clamp and Ca2+ fluorometnc
expenments in N1E-115/TRPM7 cells It
should be noted that the basal Ca2+ levels in the
cells are significantly higher upon TRPM7
overexpression,
which
could
influence
phosphorylation of its substrates as reported by
Dorovkov and Ryazanov [24] Moreover,
2+
TRPM7-mediated Ca
influx affects the
recruitment of substrates for the kinase, by
associating with the actomyosin cytoskeleton
Therefore, it can be expected that the activity
of the TRPM7 complex in the N1E115/TRPM7 in vivo is significantly more than
the two-fold increase in kinase activity that is
observed in vitro Finally, if TRPM7 is targeted
to a particular part of the cytoskeleton
including cell adhesion structures, it is likely
that the local activity of TRPM7 kinase
increases significantly more than 2-fold in
those areas of the cell
Bradykinin stimulation of N1E-115 cells
leads to cell spreading and focal adhesion
formation
whereas
it
promotes
the
transformation of focal adhesions into
podosomes
in
N1E-115/TRPM7
cells
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Although N1E-115 cells express endogenous
TRPM7, these cells do not produce podosomes
in response to BK We believe these results
reflect the contractile state of the cell and that it
is necessary to overexpress TRPM7 to achieve
complete relaxation of the actomyosin
cytoskeleton
required for BK-mediated
podosome formation (see Supplementary Fig
S6) In parental N1E-115 cells, myosin II is
very active leading to a contractile phenotype
BK stimulation of these cells relaxes the
cytoskeleton but since focal adhesions are
formed, myosin II must be at least partly active
as tension is required for focal adhesion
biogenesis [3] Overexpression of TRPM7
mimics these effects and BK stimulation of
these cells leads to further inhibition of myosm
II and relaxation of the actomyosin
cytoskeleton, which allows for the formation of
podosomes (adhesion structures which require
an inhibition of myosin II for their formation
[20]) In support of this model, inhibition of
myosin II by blebbistatin in parental N1E-115
cells similarly induces podosomes (supplemen
tary Fig S4) Thus, since TRPM7 has a basal
activity, its expression levels dictate myosin II
activity, and thereby cellular phenotype
Although mammalian nonmuscle acto
myosin contractility appears to be primarily
regulated by phosphorylation of the myosin
regulatory light chain, a role for MHC
phosphorylation is emerging Several studies
have demonstrated that the MHC tail is
phosphorylated on threonine residues upon
stimulation of mammalian cells [16,32] Based
on homology to Dictyostehum MHC kinases,
we hypothesized that TRPM7 may regulate
myosin II function by phosphorylating the
MHC a-helical tail Indeed, in vitro kinase
assays demonstrated that WT but not kinasedead TRPM7 directly phosphorylates the MHC
tail indicating broad evolutionary conservation
with respect to both substrate and function An
unexpected result since other α-kinases, akinase 1 and eEF-2K, regulate protein transport
and protein synthesis, respectively [8,33]
Myosin II forms bipolar thick filaments
through electrostatic mteractions of the MHC
tail [34] In Dictyostehum, phosphorylation of
the α-helical MHC tail leads to filament
disassembly thereby releasing cortical tension
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[7]. Whether phosphorylation of mammalian
myosin II heavy chain by TRPM7 will have a
similar effect on filament assembly remains to
be determined (Fig. 9C). Importantly, the
region of myosin II phosphorylated by TRPM7
corresponds to the domain responsible for
regulating myosin filament assembly [35].
Moreover, phosphorylation by PKC and casein
kinase as well as point mutations affecting
electrostatic charges (El84IK) within this
domain affect myosin II function [36,37].
Therefore, we propose that phosphorylation of
this region of the myosin IIA tail affects
filament formation rather than ATPase activity
of myosin II. Future investigations aimed at
mapping the TRPM7 target residues within the
myosin IIA heavy chain and defining the
physiological relevance of MHC phosphorylation will provide further insight into the
mechanisms underlying actomyosin contractility in mammalian cells.
In conclusion, we identified TRPM7 as a
novel regulator of actomyosin contractility and
cell adhesion in response to agonist
stimulation. Moreover, we have demonstrated
that TRP channels can interact with the
actomyosin cytoskeleton to affect cell
adhesion. Future experiments will be aimed at
defining the role of TRPM7-containing protein
assemblies in regulating actomyosin function,
and establishing how these cytoskeletal
changes affect cell adhesion and/or TRPM7
function.

MATERIALS AND METHODS
Constructs
Mouse TRPM7 in pTracer-CMV2, and GFP-myosin HA
in pEGFP-C3 were kind gifts from David Clapham
(Harvard, Boston, USA) and Robert Adelstein (NIH,
Bethesda, USA), respectively. An HA-tag has been
inserted at the COOH-terminus of TRPM7 [13]. To
generate retroviral expression vectors, the TRPM7
cDNA was inserted as a Xhol- Not! fragment into the
LZRS-ires-neomycin vector. The kinase-dead mutant
TRPM7-D1775A was produced by site-directed
mutagenesis using the Quickchange kit (Stratagene). The
soluble TRPM7 COOH-terminus construct encodes for
amino acids 1158-1864 and contains a HA-tag at the
NH2-terminus The cDNA was amplified by PCR and
inserted as a Xhol- Not! fragment into the LZRS-iresneomycm vector. GFP-p-actin cDNA was inserted as an
EcoRl- Noti fragment into the LZRS-ires-neomycin
vector. Mouse myosin HA heavy chain tail (aa 1795-

1960) was amplified by RT-PCR from N1E-115 cells
and cloned in frame in pGEX-lN using BamHl- EcoRI
sites The TRPM7 kinase domain (aa 1403-1864) in
pMAL-p2x was described previously [21] All constructs
were verified by DNA sequencing.
Cell culture
Mouse N1E-115, HEK293 and Phoemx packaging cells
were cultured in DMEM medium with 10% FCS while
PC 12 cells were grown m RPM1 medium with 10%
horse serum and 5% FCS. Stable cell lines expressmg
the various TRPM7 constructs and GFP-ß-actin were
generated by retroviral transduction [16]. N1E-115 cells
transduced with the empty vector served as a control for
all experiments. Cells were selected by the addition of
0.8 mg/ml G418 to the media and the selection was
complete withm 7 days. For transient expression, cells
were transfected using Fugene 6 (Roche) according to
the manufacturer's recommendations.
Intracellular calcium determinations
Calcium measurements were performed by confocal
ratiometnc imaging of cells loaded with Oregon Green
488 BAPTA-1 AM and Fura Red AM (Molecular
Probes) essentially as described [38]. Experiments were
performed at 37°C in a HEPES/bicarbonate-buffered
saline under 5% C0 2 , pH 7.3 (140 mM NaCl, 23 mM
NaHCOj, 5 mM KCl, 2 mM MgCU, 1 mM CaC\2, 10
mM HEPES and 10 mM glucose), and calibration was
with ionomycin (Calbiochem). Shown are representative
traces from experiments performed at least in 10-fold;
data are presented as mean ± SEM.
Adhesion assay
Cells (5 χ 10s) were seeded m a T25 flask and allowed to
adhere for 16 h. To quantifate cell adhesion, non
adherent cells were washed away with PBS. The
adherent cells were fixed in 3.7% formaldehyde in PBS
for 10 mm, washed with PBS and subsequently stained
with 2% crystal violet for 50 min. Excess stain was
removed by extensive washing in PBS. Cells were lysed
in PBS containing 1% NP40 and the absorbance at 570
nm of the lysate was measured. Maximal adhesion as
measured on poly-L-lysine coated dishes was set to
100%. Values reported are representative of two
independent experiments performed in triplicate.
Microscopy
Cells seeded on glass coverslips, were serum starved
(0.1% FCS) overnight prior to stimulation with BK or
blebbistatin (Calbiochem). For fixed specimens, cells
were stained as previously described [17]. Antibodies
used for immunofluorescence were rat anti-HA (3F10;
1:100, Roche), mouse anti-vinculin (1:400; Sigma),
rabbit anti-myosin HA (1:100; BTI), alexa 488conjugated anti-rabbit and anti-rat IgG, and alexa 647conjugated anti-mouse IgG (1200; Molecular Probes).
F-actin was detected using either texas-red or alexa 546labelled phalloidin (1:50; Molecular Probes). Cells were
viewed using either a Zeiss-LSM 510-meta microscope
equipped with a Plan-Apochromat 63X, 1.4 NA oil
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immersion lens or a Leica-DMRA microscope with a
63X, 1.32 NA oil immersion lens. For videomicroscopy,
cells were transferred to a bicarbonate-buffered medium
as described above and mamtained at 37°C on a
temperature- and CCVcontrolled stage. Cells were
imaged with a DM-IRE2 inverted microscope fitted with
a TCS-SP2 scanhead and a 63X, 1.32 NA oil immersion
lens (Leica) Images were collected at a 30 s time
interval and surface area was calculated by quantifying
the amount of pixels under a digital mask constructed by
using the binary-fill operation after a thresholding step.
Generation of anti-TRPM7 antibodies
To generate anti-TRPM7 antibodies, a GST-fiision
protein encoding amino acids 1447 to 1555 of TRPM7
was expressed in E coli and purified on a glutathionesepharose column. Rabbits were injected with the
antigen mixed with Freund's adjuvant and serum was
collected 10 days after every vaccination. Serum
collected prior to immunization (pre-immune) was used
as a negative control in all experiments.
Immunoprecipitations
Cells were serum starved (0.1% FCS) overnight pnor to
stimulation as indicated in the figure legends. After
stimulation, cells were lysed on ice for 20 min in lysis
buffer (50 mM Tns pH 7.5, 300 mM NaCl, 0 5 mM
DTT, 1.5 mM MgCU, 0.2 mM EDTA, 1% triton x-100
supplemented with protease inhibitors) and the extract
was
cleared
by
centrifugation.
For
the
immunoprecipitation of exogenously expressed TRPM7,
protein G-sepharose beads, which were blocked with
0.5% BSA and pre-coupled with anti-HA antibody
(clone 12CA5), were added to the lysate of N1E-115/
empty vector (control) or N1E-115/TRPM7 cells. The
samples were incubated at 4°C for 3 h. Endogenous
TRPM7 was immunoprecipitated by incubating cellular
lysates with anti-TRPM7 antibodies at 40C for 3 h
followed by the addition of protein G-sepharose beads at
4°C for 15 mm. Subsequently, the beads were washed 3
times with lysis buffer, protein complexes were
solubilized in Laemmli sample buffer and separated by
SDS-PAGE Proteins were detected by immunoblotting
using the following antibodies: anti-HA (clone 3F10,
11000), anti-myosin IIA (1:500), anti-ß actin (1:20000;
Sigma).
In vitro kinase assays
Recombmant TRPM7 kinase domain (amino acids 14021864) and myosm tail fragment (amino acids 1795-1960)
were expressed, respectively, as a maltose binding
protem- and GST-fiision protein in Escherichia coll and
purified by standard methods. Immunocomplexes
containing TRPM7 with or without associated myosm or
TRPM7 mixed with 2 μg of GST-myosin were
solubilized in kinase buffer (50 mM HEPES pH 7.0, 4
mM MnCl2, 5 mM DTT) without ATP. The kinase
reaction was initiated by adding 0 1 mM ATP in
combination with 5 μ Ο γ-32Ρ-ΑΤΡ and proceeded for 30
min at 30°C. The products of the kinase reaction were
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resolved
by
SDS-PAGE
autoradiography.

and

detected

by

Statistical analysis
All data are representative of at least 3 independent
experiments. Quantitative data are presented as the mean
± SEM. Statistical significance of differences between
experimental groups was assessed with Student's / test.
Differences m means were considered significant if ρ <
0.05.
Supplemental data
Fig. SI shows that mutation of aspartate 1775 to alanine
abrogates the ability of TRPM7 to undergo
autophosphorylation. Fig. S2 shows the relative TRPM7
kinase activity in the different N1E-115 cell lines. Fig.
S3 shows that both TRPM7-WT and TRPM7-D1775A
are glycosylated and properly localized to the plasma
membrane. Fig. S4 depicts the induction of podosomes
in parental N1E-115 cells upon blebbistatin treatment.
Fig. S5 shows that depletion of actin from TRPM7
immunoprecipitation by latrunculm A treatment has no
effect on myosin IIA phosphorylation. Fig. S6 provides a
model explaining the correlation between cell
phenotype, TRPM7 expression and myosin II activity.
Movie 1 depicts the dynamics of cell spreading and focal
adhesion formation in N1E-115/TRPM7 cells in
response to BK stimulation.
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Figure SI. Characterization of TRPM7 kinase-dead
mutant. Mutation of aspartate 1775 to alanine abrogates
the ability of TRPM7 to undergo autophosphorylation.
WT and kinase-dead TRPM7 constructs were transiently
transfected into HEK293 cells and immuno-affinity
purified complexes were subjected to in vitro kinase
assays. Top, In vitro autophosphorylation of TRPM7
detected by 3 2 P labeling and autoradiography. Bottom,
expression levels of TRPM7 constructs in HEK293 cells
detected using anti-HA antibodies.
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Figure S2. Quantification of TRPM7 kinase activity
in the different N1E-11S cell lines. (A) Autoradiogram
of TRPM7 autophosphorylation levels in the different
N1E-115 cell lines. N1E-115 cells transduced with either
the empty vector, TRPM7-WT or TRPM7-D1775A were
lysed in RIPA buffer. Protein concentration was
determined using the BCA kit and equal amounts of
protein (400 μg) were transferred to each tube. TRPM7
was immunoprecipitated using a rabbit polyclonal
TRPM7 antibody or rabbit pre-immune serum as a
negative control. To assess the level of kinase activity,
TRPM7 was autophosphorylated in the presence of 5
μα of γ-32Ρ-ΑΤΡ, separated on an 8% SDS-PAGE gel
and detected by autoradiography. (B) Quantification of
TRPM7 kinase activity. Autophosphorylation of TRPM7
was quantified using phospho-imager analysis. The level
of kinase activity in control N1E-115 cells was set to 1
and the data from the other cell lines is expressed as the
kinase activity in relation to control cells (n=6).
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Figure S3. TRPM7 is glycosylated. (A) Cells were
treated with vehicle control or 2 μg/ml tunicamycin for
24 h. TRPM7 was immunoprecipitated and detected by
Western blotting using anti-HA antibodies. Note that
while TRPM7 runs as a doublet at 216 kDa, only the fast
migrating band is observed upon treament with
tunicamycin. (B) Glycosylation is independent of kinase
activity. TRPM7-WT and TRPM7-D1775A were
detected by immunoprecipitation followed by Western
blotting using anti-HA antibodies. Note that both
TRPM7-WT and TRPM7-D1775A migrate as doublets
on SDS-PAGE gels indicative of glycosylation. (C)
Expression of TRPM7-WT and TRPM7-D1775A at the
cell surface. Ν IE-115 cells were transfected with YFPTRPM7-WT or CFP-TRPM7-D1775A. Live cells were
visualized by confocal microscopy 48 h posttransfection. Cell surface expression was also detected in
N1E-115/TRPM7-WT and NlE-115ArRPM7-D1775A
using anti-HA antibodies (data not shown).
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Figure S4. Inhibition of myosin II function in NIE115 cells leads to cell spreading and podosome
formation. NIE-115 cells were seeded on fibronectincoated coverslips to increase their adherence. Cells were
treated with 50 μΜ blebbistatin for 30 min, fixed and
stained for vinculin (green) and F-actin (red). (A)
Untreated NIE-1I5 cells. Note the appearance of focal
adhesions. (B) and (C) Blebbistatin treated N1E-I15
parental cells. Scale bar =10 μιη.
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Figure S5. Disruption of the actin cytoskeleton prior
to TRPM7 purification does not affect the
phosphorylation of myosin IIA. (A) Effect of
latrunculin A on the phosphorylation of myosin IIA by
TRPM7. TRPM7-C WT and KD were immunopurified
using anti-HA antibodies under high stringency
conditions before and after latrunculin A treatment (1
μΜ; 30 min). The kinase was incubated with 2 μg of
GST or GST-myosin IIA in kinase buffer.
Phosphorylated proteins were detected by SDS-PAGE
followed by autoradiography. Top, coomassie staining of
GST-fusion proteins; Middle, autoradiogram showing
that phosphorylation of GST-myosin IIA is unaffected
by prior treament with latrunculin A; Bottom,
autophosphorylation of TRPM7-C constructs. (B)
Contaminating actin is below detection levels. An
aliquot of the purified TRPM7-C WT and KD from
experiment in section A was run on gel and probed for
ß-actin (Top) or HA-tagged proteins (Middle). The
bottom panel shows ß-actin in total lysates as a control
for protein levels.
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Figure 86. Relationship between TRPM7 expression, myosin activity and cellular phenotype. Parental NlE-115
cells have high myosin II activity which is translated into a contractile phenotype where cells are round and poorly
adherent. Stimulation of these cells with BK leads to a loss of contractility as observed by the spreading of cells.
However, myosin II is not fully inhibited as focal adhesions form at the periphery of the cell. Overexpression of
TRPM7 mimics the effect of BK on NlE-115 cells as it has basal activity. Stimulation of NlE-115frRPM7 cells leads
to a further inhibition of myosin II activity leading to the formation of podosomes. Directly inhibiting all myosin II
activity leads to the formation of podosomes regardless of whether TRPM7 is present or not. Thus, the level of TRPM7
expression and activation dictates the extent of myosin II activity and thereby the phenotype of NlE-115 cells.
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TRPM7 is a ubiquitously expressed nonspecific cation channel that has been
implicated in cellular Mg2+ homeostasis. We
recently showed that moderate overexpression of TRPM7 in neuroblastoma
N1E-115 cells elevates cytosolic Ca2+ levels
and enhances cell-matrix adhesion. Furthermore,
activation
of
TRPM7
by
phospholipase C (PLC)-coupled receptor
agonists caused a further increase in
intracellular Ca2* levels, and augmented cell
adhesion and spreading in a Ca +-dependent
manner [1]. Regulation of the TRPM7
channel is not well understood, although it
has been reported that PIP2 hydrolysis
closes the channel. Here we have examined
the regulation of TRPM7 by PLC-coupled
receptor agonists such as bradykinin,
lysophosphatidic acid and thrombin. Using
FRET assays for second messengers we
show that the TRPM7-dependent Ca2+
increase closely correlates with activation of
PLC. Under non-invasive "perforated-patch
clamp" conditions, we find similar activation
of TRPM7 by PLC-coupled receptor
agonists. Whereas we could confirm that,
under whole-cell conditions, the TRPM7
currents were significantly
inhibited
following PLC activation, this PLCdependent inhibition was only observed
when [Mg2+], was reduced below physiological levels. Thus, under physiological ionic
conditions, TRPM7 currents are activated
rather than inhibited by PLC-activating
receptor agonists.

INTRODUCTION
TRPM7 is a ubiquitously expressed non-

specific cation channel that, intnguingly,
contains a C-temunal senne-threonme kinase
domain It belongs to the TRPM (Melastatinrelated) subfamily of Transient Receptor
Potential (TRP) channels that transduce
sensory signals [2] TRPM7 functioning
appears essential for life in that both knock-out
and overexpression of the channels cause
growth arrest, loss of cell adhesion and rapid
cell death [3-5] We recently discovered that
low overexpression of TRPM7 induces cell
spreading and adhesion and that its activation
by PUVhydrolyzing receptor agonists leads to
the formation of adhesion complexes in a
kinase-dependent manner [1]
Currents carried by TRPM7 channels
exogenously expressed in mammalian cells
have been analyzed by several groups In
physiological solutions, the channel conducts
mainly Ca + and Mg2+ [6], but in the absence of
these divalent cations, K+ and Na+ [5,7]
permeate efficiently A characteristic feature is
the inhibition of TRPM7 currents by
physiological (1-2 mM) intracellular Mg2+
levels in whole-cell patch clamp experiments,
large outward rectifying TRPM7 currents
[5,7,8] are evoked by perfusion with Mg2+-free
pipette solutions Furthermore, MgATP and
MgGTP also inhibit the channels [5,9]
although some controversy was raised on this
issue [10] TRPM7 currents have been termed
MagNuM (for Mg2+-Nucleotide sensitive Metal
ion [5]) or MIC (for Mg2+-Inhibited Cation
[10]) currents These terms will here be used
interchangeably to reflect whole-cell currents
evoked by internal Mg2+ depletion MIC /
MagNuM currents revert around 0 mV and
lack voltage- and time-dependent activation
[5,7] Inward currents are predominantly
49

Chapter 3

earned by divalent cations, whereas outward
currents consist mainly of monovalent cations
(at low [Mg2*],) Outward rectification is most
likely due to divalent permeation block of
inward currents at negative potentials [5]
because
perfusion
with
divalent-free
extracellular solutions augments inward
currents and lineanzes the I/V relationship The
activation of TRPM7 by internal perfusion with
Mg2+-free solutions does not reflect release of
permeation block, but the precise mechanism
has not been solved yet [10] Several reports
document that the setpoint for [Mg2+],
sensitivity is governed by the kinase domain,
however, TRPM7 channels lacking the kinase
domain can still be activated by internal Mg2+
depletion [3,11,12] Thus, the interactions of
TRPM7 with Mg2+ are complex Mg2+ is
conducted through the channel pore, causes
voltage-dependent permeation block, and
influences gating at the cytosolic surface
The exact mechanisms by which receptor
agonists regulate TRPM7 are less well
charactenzed and the published data are, at
least partly, conflicting An initially claimed
indispensable role for the kinase domain [7]
was challenged in subsequent studies [3,1113] Rather, we recently showed that the
TRPM7 α-kinase specifically phosphorylates
the heavy chain of myosin-II [1] thereby
strongly influencing cell adhesion Importantly,
association
with
and
subsequent
phosphorylation of myosin-II depend on pnor
activation of the channel by PLC-coupled
receptors, and influx of extracellular Ca2+
constitutes an essential step in this process [1]
In accordance, TRPM7 binds directly to
several PLC isoforms, including PLCy and
PLCß [14] The stimulatory effect of PLC on
TRPM7 observed in intact cells by
biochemical, cell-biological and live-cell
imaging studies contrasts with a report that in
HEK-293 cells whole-cell TRPM7 currents are
inhibited by PIP2 hydrolysis [14] PIP2dependent gating also occurs in other TRP
family members, including TRPV1 [15],
TRPM4 [16,17], TRPM5 [18] and TRPM8
[19,20] Finally, Takezawa and colleagues [13]
recently reported that in HEK-293 cells
(expressing only endogenous muscarinic
receptors) carbachol attenuated TRPM7
50

currents via the Gs-cAMP signaling pathway,
whereas PLC activation was not involved
Given the discrepancies between the
documented whole-cell patch-clamp results and
our cell-biological observations, we reexamined how PLC-activating receptor
agonists affect TRPM7 currents using noninvasive techniques in cells that moderately
overexpress TRPM7 To this end, we combine
FRET assays for second messengers with
perforated-patch
expenments and Ca2+
fluorometry to show that opening of TRPM7
channels closely correlates with PLC
activation, but not with cAMP / cGMP
signaling We also show that in perforated
patches TRPM7 currents are evoked by
treatment of intact cells with a membranepermeable Mg + chelator (EDTA-AM), and
that these currents are inhibited rather than
augmented by PLC-activating receptor
agonists We conclude that PLC-coupled
agonists activate rather than inhibit TRPM7 in
intact cells

RESULTS
TRPM7 expression raises basal and
agonist-induced cytosolic Ca2* levels
Consistent with previous observations [5], we
found that transient overexpression of TRPM7
channels was lethal to N1E-115 cells and
several other cell lines tested within a few days
(data not shown) Furthermore, at early time
points after transfection, much of the TRPM7
protem was found localized to biosynthetic
compartments To circumvent these problems,
we expressed TRPM7 in N1E-115 cells at low
levels by retroviral transduction [1] These
cells, termed N1E-115/TRPM7 cells, were
viable, divided normally and could be routinely
kept in culture for several months [1] Using a
TRPM7-specific antibody [1], the expression
level in N1E-115/TRPM7 cells was found to be
2-3 times higher than that in the parental cells,
Fig 1A Under these conditions, the TRPM7
mainly localized to the plasma membrane, as
shown in Fig IB Moreover, depletion of
intracellular Mg2+ in whole-cell patch-clamp
recordings showed that N1E-115/TRPM7 has
approximately 2 5 times higher current density
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Figure 1. Characterization of N1E-115/TRPM7 ceUs.
(A) Retroviral transduction causes moderate overexpression of the TRPM7 channel-kinase as judged from
kinase autophosphorylation
of immunoprecipitated
protein. (B) Confocal image of Ν IE-115 cell showing
localization of the protein to the plasma membrane.
TRPM7 was detected using anti-TRPM7 antibodies,
followed by tyramide signal amplification. Scale bar, 10
μιη. (C) Effects of retroviral TRPM7 expression on
basal (B) and agonist-induced peak (P) and sustained (S,
taken 2 minutes after addition of BK ) calcium levels.
[Ca2*], concentrations were calibrated with ionomycin
and BAPTA, and data of hundreds of cells were
averaged. All data are mean + s.e.mean. *: ρ < 0.05; **,
ρ < 0.001. (D) Ratiometric single-cell Ca 2+ traces
showing effect of addition of bradykinin (BK, 1 μΜ) in
parental {left panel) and TRPM7 transduced cells (righi
panel). Note the characteristic abrupt end of the
sustained phase after -3-5 minutes. Shown are
representative traces from hundreds of experiments.

of MIC / MagNuM currents than wt cells (Fig.
SI).
Ratiometric analysis (see Methods) showed
that
intracellular
C a + was elevated
significantly in NlE-115/ TRPM7 cells (108.9
+/- 6.0 nM, Ν = 50) as compared to parental
cells (85.3 +/- 2.5 nM, Ν = 50; ρ < 0.05; Fig.
IC). Thus, TRPM7 channel expression
contributes to basal Ca2+ homeostasis, in
agreement with reports that the channels are
partly pre-activated [ 1,3,12,21,22].
Since cell-biological and biochemical data
[1] indicate that TRPM7 channels are activated
by bradykinin (BK), we monitored the effect of

addition of BK on TRPM7-mediated Ca2+
influx by comparing N1E-115/TRPM7 to
parental cells. In parental cells, 1 μΜ BK
induced a cytosolic Ca2+ increase (765.9 +/- 9.7
nM, Ν = 80) that peaked within seconds and
subsequently returned to values close to resting
levels (92.9 +/- 2.9 nM) within 60s (Fig. ID,
left panel). This corresponds to a mean increase
of 7.6 nM from basal levels, which was not
statistically significant. In contrast, in N1E115/TRPM7 cells the BK-induced transient
Ca2+ increase (peak 843.3 +/- 12.7 nM) was
followed by a prominent sustained C a +
elevation (141.0 +/- 7.0 nM, Ν = 120) that
lasted for several minutes before returning to
resting levels rather abruptly (Fig. ID, right
panel; quantification in Fig. 1C). This
corresponds to a mean increase in sustained
Ca2+ levels of 32.1 nM (p < 0.001, paired t-test)
in accordance with the higher TRPM7
expression levels in these cells. Thus, in NlEl ^ / T R I ^ cells addition of BK elicits a
sustained phase in the Ca2+ response, in good
agreement with our cell-biological data [1]. In
summary, the observed increase in Ca2+ influx
is mediated by TRPM7 channels, and is not
due to the retroviral transduction procedure
(Fig. S2).
TRPM7 activation is downstream of
PLC in intact N1E-115 celis
Endogenous B2 bradykinin receptors in NlE115 cells signal predominantly via the Gqlinked PLC pathway [23], but some reports
suggest that depending on the cell type the B2
receptors may occasionally either inhibit [24]
or stimulate [25] the production of cAMP. We
set out to identify the signaling events
responsible for BK-induced activation of
TRPM7 in N1E-115/TRPM7 cells by
correlating Ca + fluorometry with activation of
intracellular signaling pathways, as detected by
various FRET assays.
BK caused rapid breakdown of a significant
fraction (60-80%) of the plasma membrane
PIP2 pool, as detected by a FRET assay [26]
that reports membrane PIP2 content (Fig. 2A,
upper panel, first trace). The Gq/PLC-coupled
receptor agonists lysophosphatidic acid (LPA)
and thrombin receptor-activating peptide also
activate PLC, albeit to a lesser extent (~2051
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Figure 2. Activation of TRPM7 by
GPCRs: involvement of the Gq /
PLC signalling pathway. (A)
Representative FRET traces showing
PIP2 hydrolysis
(upper
panel)
induced by BK, LPA and thrombin
receptor-activating peptide (TRP),
+
and the ensuing sustained C a
elevations in N1E-115/TRPM7 cells
(lower panel)
Prostaglandin El
(PGE1) which potently raises
[cAMP], does not activate PLC and
2
fails to evoke sustained Ca * entry
(rightmost traces) (Β) BK receptor
activation does not alter cAMP levels
in N1E-115/TRPM7 cells as detected
by a PKA-based FRET probe (left
panel) Addition of the adenylyl
cyclase activator forskolin together
with the phosphodiesterase inhibitor
IBMX serves as a positive control
Conversely, PGE1 strongly activates
the Gs / cAMP pathway through its
cognate GPCR (middle panel) but
fails to elicit the sustained Ca2*
elevation (right panel) that is
typically seen after G, / PLC
activation (C) In N1E-115/TRPM7
cells BK fails to alter cGMP levels,
whereas the NO-donor nitroprusside
readily activates this pathway, as
assessed using Cygnet, a FRET
sensor for cGMP [41] Addition of
nitroprusside had no effect on [Ca2+],
in these cells (right panel)
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30% of BK values, Ν > 200, Fig 2A, upper
panel, second and third trace [26]) Similar to
BK, the initial Ca2+ peak induced by these
agonists was followed by sustained Ca2+ influx
in N1E-115/TRPM7 cells (Fig 2A, lower
panel) In contrast, sustained Ca2+ influx was
not seen when cells were stimulated with
agonists of receptors that do not couple to PLC,
such as prostaglandin El (PGE1, Fig 2A, right
panel, and data not shown) Thus, TRPM7
activation correlates well with PLC activation /
52
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Ca signaling
To address the possible involvement of
cAMP in the BK-induced opening of TRPM7,
we monitored cAMP levels in intact Ν1 Ε
Ι 15/TRPM7 cells using a genetically encoded
cAMP sensor [27,28] Addition of BK to N1E115/TRPM7 cells had no effect on cAMP
levels (N = 8), whereas forskolin (25 μΜ)
readily raised cAMP levels (Fig 2B, left
panel) Furthermore, pre-treatment of cells
with pertussis toxin to specifically inhibit G,
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and thereby block receptor-induced decreases
in cAMP levels did not affect the BK-induced
Ca2+ influx (data not shown). Therefore, in
N1E-115/TRPM7 cells changes in cAMP
levels do not mediate BK-induced opening of
TRPM7. In addition, neither PGE1, which
activates Gs to cause a rapid and sustained
increase in [cAMP], (Fig. 2B, middle panel)
nor sphingosine-1-phosphate (SIP, data not
shown), which couples to G, and G13 but not to
PLC in N1E-115 cells [29] had any effect on
Ca2+ levels. We conclude that there is no
evidence for a role of cAMP in BK-mediated
Ca2+ influx in Nl E-l 15/TRPM7 cells.
We also investigated the effects of the NOdonor nitroprusside, since NO was reported to
activate TRPM7-mediated Ca2+ influx in
cultured cortical neurons [30]. In intact
parental
and
N1E-115/TRPM7
cells,
nitroprusside triggered production of cGMP
(Fig. 2C, left panel [31]) without affecting
[Ca2*], (Fig. 2C, right panel). In conclusion,
TRPM7 opening closely correlates with PLC
activation but not with other G protein-linked
signals.
Activation of PLC inhibits whole-cell
TRPM7 currents in N1E-115/TRPM7
cells
In whole-cell patch clamp experiments using
HEK-293 cells overexpressing Ml muscarinic
receptors, TRPM7 channels were shown to be
inhibited
by
carbachol-induced
PIP2
breakdown [14]. This inhibition was reverted
by intracellular perfusion with a water-soluble
PIP2 analogue. However, our cell-biological
observations [1] and Ca +-data (see above)
show that PLC activation causes opening rather
than closure of TRPM7 channels. We therefore
tested whether voltage ramp-induced TRPM7
currents, recorded in whole-cells with Mg2+free pipette solution, were similarly suppressed
by PLC activation in our cells. Indeed, BK
rapidly suppressed outward-rectifying wholecell TRPM7 currents both in native Ν1 E-l 15
cells (data not shown) and N1E-115/TRPM7
cells (Fig. 3A). Whereas inward currents were
completely abolished (99.7 +/- 1.0% of control
values, N=9), small outward currents were still
observed at high depolarizing potentials (Fig.
3B, trace 3, Fig. 6B). Other PLC-coupled
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Figure 3. MIC / MagNuM currents in N1E115/TRPM7 cells are inhibited by BK. (A) TRPM7
2+
currents, evoked with Mg -lTee pipette solution in a
N1E-115/TRPM7 cell, are strongly inhibited after
activation of PLC. Currents evoked by +/-100 mV ramps
(B) from a holding potential of 0 mV are quantified at 80 mV (circles) and +80 mV (squares) Traces depicted
in (B) represent currents before (1) and during (2)
TRPM7 activation and after (5) BK stimulation. Note
that the small inward currents are due to divalent-block
2
2
in Mg *- and Ca *-containing extracellular medium.
Shown are representative data from 10 individual
experiments.

agonists, including TRP and LPA, also
inhibited the currents, though to a lesser extent.
Therefore, it appears that the original
observations on PIP2-dependency of whole-cell
TRPM7 currents hold true for Ν1 Ε
Ι 15/TRPM7 cells.
PLC-coupled receptor agonists activate
TRPM7 currents in intact cells
The above observations leave us with a
paradox: PLC activation inhibits TRPM7
currents when using whole-cell electrophysiology, whereas it opens the channels
when assayed by Ca2+ fluorometry. What
causes this difference? In whole-cell patchclamp experiments
diffusible
signaling
molecules will be rapidly diluted, which could
influence channel gating properties. We
therefore analyzed the electrophysiological
effects of PLC activation using the perforatedpatch configuration [32,33], which provides
electrical access to the cell without disturbing
the cytosolic composition. Voltage-clamped
perforated patches were held at -70 mV, and
membrane conductance was monitored from
currents evoked by a biphasic block-pulse
protocol (+ 10 and -10 mV from resting
potential; Fig. 4). In unstimulated cells,
currents were small (0.46 +/- 0.16 pA/pF, Ν =
53
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10), corresponding to a membrane conductance
of 23 pS/pF. Note that since Mg2+ levels
remain intact in this configuration, the
magnitude of the currents should match those
of whole-cell experiments when Mg2+ is
included in the pipette. Indeed, as shown in
Fig. SIA, lower panel, the currents induced by
120 mV voltage steps in unstimulated whole
cells measured 3.1 +/- 0.4 pA/pF (N = 5),
which corresponds to -26 pS/pF, in close
agreement with the perforated-patch data. As
expected, spontaneously developing currents
were never observed in perforated patches (see
Fig. 5A, Ν = 12).
Strikingly, stimulation with bradykinin
significantly
increased
the
membrane
conductance (250 +/- 53 pS, Ν = 5; Fig. 4B) in
N1E-115/TRPM7 cells. In all cases, currents
were transient, reverting to baseline with
somewhat variable kinetics (range, 2-8
minutes). Similarly, addition of BK slightly but
significantly
augmented the endogenous
TRPM7 current in parental cells (Fig. 4A).
Perforated-patch I/V plots of BK-induced
currents in wt and N1E-115/TRPM7 cells
revealed almost linear currents (Fig. 4A, B,
insets), probably due to divalent permeation
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Figure 4. TRPM7 currents detected
using perforated-patch clamping.
Mean membrane conductance changes
(black line, shaded area depicts SEM)
in N1E-115 wt (A) and N1E115/TRPM7 cells (B) deduced from
responses to +/-10 mV block pulses
from a holding potential of -70 mV
BK. (1 μΜ) was added at t = 0, note the
sustained activation of an additional
conductance. To verify that the small
BK-evoked current would suffice to
2
increase [Ca *], significantly, we point
out that an influx of just 10 pA of
2+
current carried by Ca equals 10 χ 10"
12
17
/ F.z = 5 χ IO mole (F, faraday
constant; z, valence of ion), which in a
2+
cell of 1 pi volume would raise [Ca ]
5
by 5 χ ΙΟ" M (50 μΜ) in 1 second, if
no buffer systems are in place. Right
panels, weakly rectifying currents
induced by BK in wt and N1E115/TRPM7 (black, closed squares)
cells
obtained
by
subtracting
unstimulated (grey, open squares) from
stimulated I/Vs (grey, open circles).

block of outward currents. The magnitude of
these currents correlates with the TRPM7
expression levels and they are inhibited by the
same panel of inhibitors (see Table SI). We
find that the distinction between PLC-induced
inhibition (in whole cells) versus stimulation
(in perforated patches) holds true for TRPM7transfected HEK-293 cells as well (see Fig.
S3). We conclude that a prototypic PLCactivating receptor agonist
(bradykinin)
activates TRPM7 channels under perforatedpatch clamp conditions.
Chelation of 'intracellular Mg2* mimics
whole-cell
TRPM7
currents
in
perforated patches
To further investigate the differences in
TRPM7 current behavior under different
recording conditions, we sought to lower
[Mg2+]i in intact cells. Cells were pre-treated
with EDTA-AM, a membrane-permeable
precursor of the Mg2+/Ca2+ chelator EDTA.
Upon removal of its lipophylic AM moiety by
cytosolic esterases, the compound becomes
trapped in the cytosol and attains its chelating
properties. Whereas in perforated-patch no
spontaneous run-up of TRPM7 currents was
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Figure 5. The membrane-permeable Mg2* chelator
EDTA-AM activates TRPM7 in perforated patches.
(A) Perforated-patch recording does not evoke activation
of spontaneous currents in N1E-115/TRPM7 cells. (B)
Acute treatment with EDTA-AM (10 μΜ) causes
development of outward-rectifying MIC / MagNuM
(trace 2) currents after an initial lag period (trace 1) that
do not rundown for over an hour. (C) EDTA-AM evokes
MIC / MagNuM currents in wildtype HEK-293 cells
(trace 1) and HEK-293 heterologously expressing
TRPM7 channels (trace 2). EDTA-AM caused TRPM7
currents to increase from 57 +/- 16 pA to 173 +/- 65 pA,
N=4, in wt HEK-293 cells and from 146 +/- 15 pA to
783 +/- 29 pA, N=4, in TRPM7-transfected HEK-293
cells, as detected at +80 mV (P<0.01). (D) Application
of EDTA-AM (black trace), but not of BAPTA-AM
(grey trace), increases [Ca 24 ], as detected with Yellow
Cameleon-CAAX, a plasma-membrane targeted FRET
sensor for Ca2+. Shown are representative traces of
experiments performed at least in 5-fold.

observed (Fig. 5 A), exposure of N1E115/TRPM7 cells to 10 μΜ of EDTA-AM
consistently evoked large currents with
outward rectifying I/V relationships, identical
to those obtained in whole cells (Fig. 5B). The
slow onset of this current likely reflects slow
development of Mg2+ buffering during build-up
of the intracellular EDTA concentration. As a
control, treatment with BAPTA-AM, a highly
Ca2+-selective membrane-permeable chelator,
had no effect (Fig. 5D). Physiological and
pharmacological properties of EDTA-AM
evoked perforated-patch currents were identical
to whole-cell TRPM7 currents (see Fig. S4 and
Table SI).
To date, most studies on TRPM7 have been
performed on cells transiently overexpressing
the channels, commonly HEK-293 or CHO
cells. We therefore tested whether EDTA-AM
also activates TRPM7 channels in perforatedpatch experiments on HEK-293 cells. Indeed,
heterologously
expressed
as well
as
endogenous TRPM7 channels were strongly
activated by EDTA-AM treatment (Fig. SC; for
statistics, see the legend).
Importantly, application of EDTA-AM in
Ca2+-fluorimetric experiments also opened the
channels, as evidenced by increased Ca2*,
(detected using a plasma membrane targeted
version of the Ca2+ FRET sensor Caméléon),
whereas again BAPTA-AM had no effect (Fig.
5D). Thus, the use of EDTA-AM provides a
novel and reliable method to evoke
TRPM7/MIC currents in intact cells.
Effects
of
agonist-induced PIP2
breakdown on EDTA-AM-induced and
whole-cell MIC I MagNuM currents
How does PLC activation affect EDTA-AMinduced TRPM7 currents in perforated
patches? Strikingly, under these conditions
stimulation with BK caused a large fraction of
TRPM7 channels to close rapidly (Fig. 6A,B).
This effect was rapid and transient, rather than
sustained, in all cells tested. Rapid inhibition
was also observed in parental N1E-115 cells,
and it was not specific for BK in that LPA and
thrombin-receptor activating peptide had the
same effect (data not shown).
In contrast, in the whole-cell experiments
of Runnels and colleagues PIP2 hydrolysis
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Figure 6. Transient inactivation of TRPM7 channels
by bradykinin in non-invasive patch damping. (A)
Upon activation of TRPM7 currents by EDTA-AM in
perforated patches, BK causes transient inhibition.
Shown is a typical example of 12 experiments. (B)
Quantification (mean +/- SEM) of BK-induced
inhibition of TRPM7 currents at the indicated time
points, detected at +80 mV for whole-cells (WC; circles,
N=20) and perforated-patches (PP, squares, N=12).
TRPM7 currents before BK was added (at t=0) were set
to 100%. *: ρ < 0.05 and **: ρ < 0.01. (C) Kinetics of
PIP2 responses to BK, monitored by GFP-PH(PLC51)
imaging, show sustained PIP2 breakdown in whole-cell
experiments (left panel). In contrast, in EDTA-AM
pretreated N1E-115/TRPM7 cells (right panel)
responses are transient and very similar to those of
untreated cells, compare Fig. 2A. Shown are typical
examples of 5-8 experiments. PM/Cyt denotes the ratio
of fluorescence intensities at the plasma membrane and
cytosol, as determined using an automated image
analysis routine [26]. Note that the time-span of the BKmediated PIP2 drop correlates well with TRPM7 channel
inhibition. (D) Quantification of GFP-PH(PLCôl)
membrane localization, expressed as % of control, for
whole-cells (circles, N=5/) and EDTA-AM pretreated
perforated patches (squares, N=8^ at indicated time
points. At t = 0, 1 μΜ BK was added. Data are mean +/SEM; *: ρ < 0.05. All data are from NlE-llSrt'RPM?
cells.

caused irreversible closure of whole-cell
TRPM7 currents [14]. We therefore compared
the effects of addition of GPCR agonists on
PIP2 levels in whole-cell and perforated-patch
experiments
in N1E-115/TRPM7 cells.
Automated analysis of confocal time lapse
images [26] showed that the PIP2 indicator
GFP-PH(PLC51) was retained at the plasma
membrane during intracellular accumulation of
56

EDTA-AM (data not shown). Subsequent
stimulation with BK resulted in fast
translocation of GFP-PH to the cytosol (Fig.
6C, right panel), followed by its relocation to
the plasma-membrane within a few minutes.
The quantification in Fig. 6D shows that 5 min
after BK stimulation recovery is almost
complete.
In contrast, in
whole-cell
experiments with N1E-115/TRPM7 cells the
BK-induced GFP-PH translocation was
sustained (Fig. 6C, left panel), in good
agreement with published data for HEK-293
cells [14].
Thus, the time course of inhibition of
Mg2+-depletion-induced
TRPM7 currents
correlates well with that the loss of PIP2
following receptor activation. The data also
strongly suggest that lack of recovery of BKinduced TRPM7 currents in whole-cells is due
to impaired PIP2 resynthesis in this
configuration.

DISCUSSION
In this study we have addressed the regulation
of TRPM7 channels in intact cells. Transient
overexpression of TRPM7 was avoided
because this caused mislocalization of TRPM7
to endomembranes and cell death due to
constitutive activity of TRPM7. Furthermore,
transient overexpression is also more likely to
titrate out essential binding partners and
thereby may influence signaling events.
Indeed, Takezawa et al. noted that TRPM7
overexpression abolished activation of PLC by
carbachol receptors [13]. Recently, Kim et al.
[34] also noted that regulation of native
TRPM7 channels by PLC differs from results
obtained with transfected HEK-293 cells [14].
We therefore used perforated-patch clamping
and Ca2+ imaging to avoid the disturbances in
cell signaling that likely occur in the whole-cell
configuration.
Physiological properties
Our results reveal that retroviral transduction
resulted in the appearance of a conductance
with all the expected properties of TRPM7 (see
supplemental discussion). At first sight, it may
seem disturbing that the observed perforatedpatch currents are relatively small and lack
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strong outward rectification, a feature that has
been termed 'TRPM7 signature' However,
small amplitude basal and evoked currents are
to be expected since TRPM7 was expressed at
low levels and the currents were recorded at
non-depolanzed voltages to allow companson
with the Ca2+ data Moreover, in HEK-293
overexpression studies the TRPM7 inward
currents (mainly Ca2+ and Mg2+) are also minor
[5,7]
Strong outward rectification is seen under
conditions of low [Mg2*], (whole cells, EDTAAM-treated perforated patches) Interestingly,
like the perforated-patch currents, the wholecell currents evoked by PLC activation in
TRPM7-transfected HEK-293 cells with 1 mM
Mg2+ in the pipette show only weak outward
rectification (Fig S3C) Most likely, this
reflects an anomalous mole fraction effect,
whereby Mg2*, attenuates outward monovalent
currents However, separation of this effect
from the inhibitory effect of Mg2*, on channel
gatmg would require systematic analysis
(preferably in inside-out patches) that to our
knowledge has not been performed thus far In
addition, Mg2*, levels may act through the
TRPM7 protein itself, in view of the reported
function of the kinase domain in determining
the setpoint for Mg2* inhibition [3,9] as well as
through additional mechanisms [35] The use
of EDTA-AM to activate the channels in intact
cells should present an important new
experimental paradigm for studies in this
direction
Signaling pathways
Takezawa and colleagues recently reported that
activation of PLC through endogenous Mlmuscannic receptors had little effect on MIC /
MagNuM currents in TRPM7-overexpressing
HEK-293 cells [13] Perhaps the discrepancy
between Runnels' [14] and our study on the
one hand, and that of Takezawa and colleagues
[13] on the other hand, is a difference m
potency of the PLC-activating receptors
involved as in their (and our) hands
endogenous Ml receptors cause only minor
PIP2 breakdown Furthermore, unlike in our
low-level retroviral overexpression studies, in
HEK-293 cells TRPM7 overexpression
inhibited carbachol-induced PLC signaling

[13] Their study also relied on the use of the
'PLC inhibitor' U-73122, a compound with
many known side effects [36,37] Rather,
Takezawa and colleagues suggested that the
modulatory effects of carbachol are mediated
by cAMP, as lowering [cAMP], attenuated
whole-cell TRPM7 currents in HEK-293 cells
However, in N1E-115 cells bradykinin had no
effect on cAMP levels, and conversely, potent
cAMP-raising agonists did not trigger
sustained Ca2* influx or TRPM7 currents
detected in perforated-patch Rather, our
analysis indicates a key role for PLC-denved
signals
Dual regulation by phosphoinositide
signals
At odds with a previous report [14], we
observed that stimulation of PLC-activating
receptors caused TRPM7 channel opening
rather than closure This discrepancy is not cell
type dependent nor does it depend on TRPM7
expression levels How can the paradoxical
effects of PLC activation on TRPM7 currents
m whole-cell and perforated-patch expenments
be
reconciled9
We
speculate
that
fundamentally different modes of regulation
mediate stimulation and inhibition
On the one hand, in unperturbed cells
currents increase upon PLC activation, and
therefore we propose that this must be the more
physiological mode of action It is reassuring
that this concurs with our recent biochemical
and cell-biological data that unequivocally
demonstrate activation of TRPM7 by PLCactivating agomsts in intact cells [1], and with
evidence from a very recent study by Kim and
colleagues [34] However, the precise
mechanism of this activation pathway remains
elusive, although we can exclude the
involvement of the PIP2-denved messengers
DAG (since addition of membrane-permeable
analogues did not activate TRPM7, data not
shown) and cytosolic Ca2* (Fig S2A)
On the other hand, PIP2 undoubtedly is an
important cofactor for normal TRPM7
functioning [14,35,38] By analogy to other
TRP family channels [16,20], C-terminal
stretches of positive amino acids may bind PIP2
to impose a proper tertiary structure In
TRPM7, positive stretches are present in the
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TRP consensus domain, and at a a 1147-1154
and a a 1196-1218 in the C terminus Loss of
PIP2 could inhibit normal opening of TRPM7,
but this would only be revealed following prior
2+
full activation of the channel by Mg
depletion In line with this notion, spontaneous
run-down of MIC / MagNuM currents in
whole-cell and inside-out expenments is
accompanied by loss of PIP2 [35,38] Our data
show that in whole-cells, but not in perforatedpatches, PLC-activating agonists cause a
sustained PIP2 drop due to impaired
resynthesis Thus, the effects of PLC activation
on whole-cell TRPM7 currents could be
viewed
as
'accelerated
run-down'
Alternatively, the opposing effect of PIP2
depletion on PLC-mediated activation may
reflect a subtle feedback mechanism, whereby
ongoing loss of PIP2 counteracts or limits
TRPM7 activation A similar mechanism was
proposed recently for TRPM8 [20] In strong
support of this dual-regulatory model, kinetic
analysis of BK-mediated stimulatory and
inhibitory effects shows that activation
proceeds distinctly faster than inactivation
In summary, our expenments reveal a
second mode of activation for TRPM7 not
only can the channel be activated by depletion
of intracellular Mg2+ and Mg2+-nucleotides, but
also by stimulation of endogenous PLCactivating receptors

MATERIALS AND METHODS
Materials
Amphotericin B, MgATP, bradykmin, lysophosphatidic
acid,
spermin, La(N03)3,
Gd2(COj)3, sodium
mtroprusside, prostaglandin El, and niflumic acid were
from Sigma Oregon Green 488 BAPTA-1 AM, Fura
Red AM, Indo-1 AM, o-mtrophenyl-EGTA AM,
pluromc F127, EDTA-AM and BAPTA-AM were from
Molecular Probes lonomycm, 2-APB, SKF 96365,
IBMX, forskolin and thapsigargm were from
Calbiochem-Novabiochem Dulbecco's MEM, foetal
calf serum, penicillin and streptomycin were from
Gibco, neomycin from Invitrogen-Life technologies and
FuGene 6 was from Roche Diagnostics
Constructs
TRPM7 constructs were as described [1] The PIP2
FRET sensor (eCFP-ΡΗδΙ and eYFP-ΡΗδΙ) was
previously generated m our lab [26] Sensors for cAMP
and cGMP were kind gifts from Dr M Zaccolo
(University of Padova, Padova, Italy) and Dr W
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Dostmann (University of Vermont, Burlington, VT),
respectively, and Yellow Caméléon 2 1 was a gift from
Dr R Tsien (UCSD, La Jolla, CA)
Immunostalnlng and kinase reaction
A TRPM7 antibody was raised to a a 1748-1862 in
rabbits as detailed in [1] Preimmune serum was used as
a control in all expenments For immunolabeling cells
were fixed with 4% paraformaldehyde in phosphate
buffer, permeabilized with 0 1 % tnton X-100 and
incubated with rabbit anti-TRPM7 sera (1 200), followed
by horse-radish peroxidase-conjugated anti-rabbit Ig
(1 1000) Amplification was by tyramide-conjugated
FITC (PerkinElmer) For the in vitro kinase assay,
TRPM7 was precipitated from lysed cells with antiTRPM7 antibodies and assayed for kinase activity as
published recently [ 1 ]
Cell culture, fluorimetrie experiments
Culture of mouse N1E-115 and Phoenix packaging cells
was as desenbed [1] Ratiometnc and pseudoratiometnc
Ca2+ recordings on cells on glass coverslips were earned
out essentially as published [26,39,40] in HEPESbuffered sahne, pH 7 2 at 37°C AH traces were
calibrated with lonomycm and BAPTA as published
[40] Dynamic FRET essays were earned out as
desenbed previously [26,31] Excitation was at 425nm
using an ND3 filter, and CFP- and YFP emission were
collected simultaneously at 470 ± 20 and 530 ± 25 nm
Data were acquired at 4 Hz and FRET was expressed as
ratio of CFP to YFP signals This ratio was set to 1 0 at
the onset of the expenments, and changes are expressed
as per cent deviation from this initial value
Patch clamp experiments
Electrophysiological recordmgs were collected using the
HEKA EPC9 system Current recordmgs were digitized
at 100 kHz (ramp and block pulse protocols) or 10 Hz
(steady-state whole-cell currents) Borosihcate glass
pipettes were fire-polished to 2-4 ΜΩ After
establishment of the GO seal, the patched membrane
was ruptured by gentle suction to obtain whole-cell
configuration, or amphotencm Β (240 μ&ΊηΙ) was used
to obtain the perforated-patch configuration with typical
access resistance of 3-10 ΜΩ
Solutions were (m mM) whole-cell pipette KGlutamate (120), KCl (30), MgCl2 (1), CaCU (0 2),
EGTA (1), HEPES pH 7 2 (10) and MgATP (1), external
solution NaCl (140), KCl (5), MgCl2 (0-1), CaC^ (Ο
ΙΟ), HEPES (10) and glucose (10), adjusted to pH 7 3
with NaOH, for perforated-patch recordings, the pipette
solution was complemented with 240 μg/ml
Amphotencm Β and MgATP was omitted
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PLC activates TRPM7 channels

SUPPLEMENTAL
AND METHODS

MATERIALS

Ca2* determinations and uncaging
experiments
Ca + experiments were performed as described
in this article For Ca2+ uncaging experiments,
oNP-EGTA (0 5 μg in 100 μΐ DMEM) was coloaded with Ca2+ dyes into cells Uncaging of
oNP-EGTA was achieved by a sub-second
flash of UV light (355 ± 25 nM) from a
mercury arc lamp
lndo-1 quenching experiments
N1E-115/TRPM7
cells
on
rectangular
coverslips were grown to near-confluency
Cells were loaded with Indo-1 AM (15
μ§/100μ1) for 30 mm and further incubated in
fresh medium for at least 30 min Coverslips
were introduced into a photon-countmg
spectrofluorometer
(QuantaMaster,
PTI)
controlled by the vendors Felix software
Expenments were performed in HEPESbuffered saline, excitation was at 338 nm and
emission was detected at 410 nm Following
recording of basal fluorescence changes for
-10 mm, 200 μΜ MnCU was added and
fluorescence was recorded for 10 more mm
Autofluorescence, as determined by maximal
quenching of Indo-1 with lonomycin + excess
Mn2+, was usually less than 10 % Both the
baseline and the initial part of the response
after Mn2+ addition were fitted linearly, and the
Mn2+-induced quench rate was calculated by
subtracting the former from the latter The
quench rate is expressed as decrease in
detected photons (counts) per second
Patch-clamp experiments
Patch-clamp expenments were assayed as
described in this article except for MIC
recordings (Supp Fig la, b) the pipette
solution contamed CsCl (120), HEPES (10),
MgATP (1) and MgCfe (0-3), pH adjusted to
7 2 with CsOH, and cells were kept in a
solution containing TEAC1 (100), CsCl (5),
CaCl2 (2), MgCb (1), HEPES (15), Glucose
(10), pH adjusted with TEAOH to 7 3 The
pipette solution for whole-cell recordings,
described in Supp Fig 1c, 3b and c, contained
K-Glutamate (120), KCl (30), MgClz (1), CaClz

(0 2), EGTA (1), HEPES pH 7 2 (10) and
MgATP (1), external solution NaCl (140),
KCl (5), MgCb (0-1), CaCb (0-10), HEPES
(10) and glucose (10), adjusted to pH 7 3 with
NaOH, for perforated-patch recordings, the
pipette solution was complemented with 240
μg/ml Amphotericin Β and MgATP was
omitted

SUPPLEMENTAL RESULTS
Detection
of
functional
TRPM7
channels in N1E-115/TRPM7 cells by
whole-cell patch clamping
To demonstrate functional TRPM7 channels in
the plasma-membrane of N1E-115/TRPM7
cells, we recorded whole-cell TRPM7 currents
under the conditions originally reported in the
literature (1) In whole-cell patch clamp
experiments, [Mg2+], was lowered by omission
of the ion from the pipette solution With a
fluorescent dye in the pipette it was verified by
confocal
microscopy
that
intracellular
perfusion was near-complete within a few
minutes (data not shown) Concomitantly, both
in parental and in N1E-115/TRPM7 cells,
characteristic TRPM7 currents developed
Current densities at -60 mV averaged -0 33 +/0 08 pA/pF, Ν = 14 in parental cells (Supp
Fig SIA, upper panel, quantification in Fig
SIB) and -0 80 +/- 0 18 pA/pF, Ν = 9 (Supp
Fig SIA, middle panel, SIB) in N1E115/TRPM7 cells In both cell lines, currents
had all the characteristic hallmarks of TRPM7
currents first, they were strongly blocked by
including 1-3 mM of free Mg2+ in the pipette
solution (Supp Fig SIA, lower panel)
Second, whole-cell currents showed an
outward-rectifying I/V relationship in divalentcontaining media (Supp Fig SIC) that became
linear upon removal of divalente (Mg2+ and
Ca2+) from the medium (data not shown)
Third, in line with the results from Runnels (2),
responses evoked by voltage-step protocols
lacked
voltageor
time-dependent
characteristics (Supp Fig SIC, right panel)
Furthermore, sensitivity of the currents to
inhibitors of TRPM7 matches with that
reported in the literature (Online Supportive
Information, Table 1) Together, these
observations
indicate
that
retroviral
61

Chapter 3

Β
• N1E-115/wt
• Ι N1E-115n"RPM7

N1E-115/TRPM7
+ 3mM Mg

ïL

' Ι '

-60m ^

+60mV

1

**Λ—^^η

50

100

V(mV)

L

Figure SI. Increased MIC/MagNuM currents in N1E-115/TRPM7 cells. (A) Upper panel, TRPM7 currents evoked
in parental cells by omission of Mg 2+ from the pipette solution detected in whole-cell configuration. Currents start to
develop immediately after break-in, peak at -5-10 minutes and then gradually run down. Spikes represent current
excursions induced by 1 s pulses to +60 mV from a holding potential of -60 mV. Solutions were chosen so that
outward currents are mainly Cs+, and inward currents are mainly Ca 2+ by substituting tetraethyl ammonium (TEA+) for
Na+ in the medium. Middle panel, TRPM7 currents in NlE-115/TRPM7 cells are 2- to 3-fold larger in amplitude but
display the same kinetics. Lower panel, inclusion of 3 mM Mg2+ in the pipette completely blocks MIC/MagNuM
currents in N1E-115/TRPM7 cell. (B) Quantification of TRPM7 currents for N1E-115/TRPM7 and parental cells,
detected at -60 mV and at +60 mV. *: ρ < 0.01. (C) Lefl panel, I/V plots of currents measured in NlE-115/TRPM7
cells by ramps (-100 to +100 mV, grey line) from 0 mV holding potential and from instantaneous V-steps (50 ms-steps
from -80 mV to 80 mV, black squares), corrected for background. Note complete overlap of I/V-plots obtained by
these two methods. Right panel, individual, uncorrected traces from step-response currents at onset of the experiment
(top panel) and at maximal activation (lower panel) show lack of time-dependent activation.

transduction with TRPM7 induces functional
channels at the plasma membrane.
BK-induced sustained Ca elevation is
due to influx through TRPM7
To ascertain that the sustained Ca2+ phase is
due to entry through TRPM7 channels, we
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investigated several alternatives. First, it is
conceivable that expression of TRPM7 could
burden the cells with excess Ca + entry, thereby
2+
compromising intracellular Ca
buffering
2+
capacity. Therefore we assayed cytosolic Ca
buffering by quantitating the rate of clearance
2+
of UV-released caged Ca . Native N1E-115
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Table SI: Pharmacological characterization of
TRPM7 currents in N1E-1Ì5/TRPM7 cells as
detected by different techniques.
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N1E-115/TRPM7 cells were challenged with 1 μΜ bradykinin and the
sensitivity of the ensuing sustained responses to the indicated blockers
was tested- +, response is sensitive to blocker; n.a., not applicable (i.e.
spermin works only in divalent-free media); n.t., not tested. All
experiments were performed at least in triplicate.

and NlE-115/TRPM7 cell were loaded with onitrophenyl-EGTA and Ca 2 + dyes
(see
Methods) and exposed to ~0.2s flashes of UV
light (Supp. Fig. S2A, left and middle panels).
This caused an instantaneous increase in
[Ca2+]i, which was cleared from the cytosol
with a time course well fitted by a single
exponential. Ca 2 + drop rates in both cell lines
were indistinguishable (21.77 +/- 2.00, Ν = 15
versus 21.75 +/- 1.76, Ν = 15, Supp. Fig. S2A,
right panel), ruling out different cytosolic
buffering as the responsible mechanism. Note
that the shape of the BK-induced Ca 2 + increase,
with a prolonged sustained phase that ends
rather abruptly after several minutes (Article,
Fig. ID, right panel), also argues against
flawed C a + buffering as the responsible
mechanism. Rather, sustained elevated Ca +i
levels are due to influx since they were absent
in cells acutely pre-treated with the calcium
chelator BAPTA at 3 mM (Supp. Fig. S2B, left
panel). Addition of BAPTA during the
sustained Ca 2 + elevation also caused a rapid
drop which often proceeded to values below
basal level (Supp. Fig. S2B, right panel; 59.9
+/- 8.2 nM, N=20), an observation that is in
line with the reported pre-activation of TRPM7
channels. Thus, the sustained phase in BKstimulated NlE-115 cells reflects Ca 2 + influx
over the plasma membrane.
We further ruled out that addition of BK
caused depolarization of the cell membrane
with consequent Ca influx through voltagesensitive Ca + channels. Whereas this has been
described for NlE-115 cells that were induced
to adopt a differentiated neuronal phenotype
(3) by 2-4 day serum starvation, in non-starved
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Figure S2. Sustained Ca2+ levels in N1E-115/TRPM7
cells are due to increased membrane permeability.
(A) Left and middle panel, typical traces showing similar
Ca2+ clearance of caged Ca2* spikes in parental and NlEllS/TRPIv^ cells. Right panel, quantification (mean +
s.e.mean of τ; Ν = 15) of Ca2+ clearance from singleexponential fits. (B) Left panel, sustained Ca2+ elevation
after BK stimulation in N1E-115/TRPM7 cells is
abolished by brief pre-treatment with extracellular
BAPTA. Right panel, addition of BAPTA during the
sustained Ca2+ phase lowers [Ca2*], to values below
baseline. (C) Depolarization of N1E-115/TRPM7 cells
by adding extracellular KCl (50mM) does not cause Ca2+
influx; iono indicates addition of the Ca2+ ionophore
ionomycin as a positive control. Note the break in the Yaxis. (D) BK (1 μΜ) stimulation causes increased
permeability for Mn2+ in N1E-115/TRPM7 cells as
measured by an Indo-1 quenching assay (mean +
s.e.mean; Ν = 6; *: ρ < 0.025, single-sided t-test).

cells Ca i levels were completely insensitive to
depolarization by 50-100 mM extracellular K +
(Supp. Fig. S2C). Furthermore, resting
membrane potentials of non-starved native and
TRPM7 overexpressing cells did not differ (29.9 +/- 3.4 mV and -32.8 +/- 5.3 mV, resp.,
N>50) and BK stimulation evoked only minor
depolarization of the plasma membrane (wt,
10.0 +/- 4.0 mV, N=10; N1E-115/TRPM7,
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11.8 +/- 0.9 mV, N=14). These results rule out
activation of a voltage-sensitive Ca2+ channel
as the responsible mechanism and are in line
with the reported lack of voltage sensitivity of
TRPM7 at physiological membrane voltage.
Finally, we tested sensitivity of the
sustained phase of Ca + influx to a panel of
inhibitors for TRPM7 channels (Supp. Table
1). When administered during the sustained
Ca2+ phase, 2-aminoethoxydiphenyl-borate (2APB, 50μΜ} (4) completely blocked BKinduced C a + influx. In line with the
observation that TRPM7 expression also
contributes to basal Ca2+i levels, the 2-APBinduced drop in Ca2+ levels often proceeded to
values below baseline (data not shown).
Furthermore, we tested SKF 96365 (30μΜ)
(5), and the polyvalent cations Gd3+ and La3+
(both at 200μΜ) (2). In all cases, the BKinduced sustained phase, but not the initial Ca2+
peak, was strongly inhibited. Note that none of
these inhibitors are truly selective for TRPM7,
and that this pharmacological profile also fits
ICRAC. However, unlike ICRAC (6) TRPM7
permeates Mn2+ ions well (7). When tested by
Indo-1 quenching assays (see Methods), N1E115/TRPM7 cells challenged with BK were
significantly more permeable to Mn2+ than
unstimulated cells (Supp. Fig. S2D). Taken
together, these data strongly suggest that the
BK-induced sustained Ca2+ elevation in N1E115/TRPM7 cells is mediated by influx
through TRPM7 channels in the plasma
membrane.
TRPM7 currents in HEK-293 cells
We next verified these results in HEK-293
cells. Cells were transiently transfected with
TRPM7 (in a GFP-tagged zeocin vector) and
the NK2-receptor, a G protein-coupled receptor
(GPCR) for neurokinin A (8) that signals
predominantly through Gq. One day after
transfection, healthy cells expressing GFP at
low levels were selected. When assayed by
whole-cell patch clamping with Mg2+-free
pipette solutions, these cells displayed
outwardly rectifying currents with all the
hallmarks of TRPM7, including spontaneous
activation and subsequent run-down (data not
shown). In perforated-patch experiments,
HEK-293 cells showed smaller, near-linear
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Figure S3. TRPM7 transiently expressed in HEK293
cells is activated by NKA stimulation. (A) Right panel,
In HEK-293 cells transiently expressing TRPM7
together with NK2 receptors stimulation of PLC with
NKA (4 μΜ) causes increased membrane conductance in
perforated-patch experiments (0.79 +/- 0.46 nS, N=3. (B)
left panel, in whole-cells with 1 mM of Mg 2+ in the
pipette solution, addition of NKA stimulates, rather than
inhibits, TRPM7 currents. (ΔΟ: 0.9 +/- 0.33 nS, N=3.
(C) middle panel, I/V-plots of NK2-induced TRPM7
currents in HEK293 cells detected in whole-cell
configuration. Shown are I/V-plots obtained before (1)
and after (2) NKA stimulation, and (black line) the
NKA-induced increase in currents (i.e., 1 - 2).
Individual current responses to voltage steps (righi
panel) show all the hallmarks of TRPM7 currents.

currents and no spontaneous developing
outward rectifying currents were observed.
Challenging HEK-293 cells with neurokinin A
(NKA) caused a marked increase in membrane
conductance (AG 0.79 +/- 0.33 nS; Ν = 3;
Supp. Fig. S3A). Again, conductance increases
were transient, reverting to baseline within
minutes. The inhibitor 2-APB (100 μΜ)
consistently lowered the conductance to below
initial values, in line with the notion that part of
the channel population is opened under resting
conditions (data not shown). Thus, the
perforated-patch data obtained from HEK-293
cells transiently expressing TRPM7 match
those obtained from N1E-115/TRPM7 cells,
demonstrating that the phenotype does not
depend on cell type or on long-term viral
transduction. We conclude that the stimulatory
effect of PLC on TRPM7 currents in minimally
2+
perturbed cells parallels the Ca imaging data.

PLC activates TRPM7 channels

but contrasts with the data from Mg2+i-free
whole-cell patch clamping.
The above observations suggest that in
whole-cells, loss of [Mg2*], or possibly other
signaling cofactors is sufficient to cause
TRPM7 to become inhibited, rather than
activated, by PLC activating agonists. To study
this, HEK-293 cells transiently expressing
TRPM7 were whole-cell patch-clamped with 1
mM free Mg2+ in the pipette. Under these
conditions, NKA stimulation (Supp. Fig. S3B)
also caused activation of TRPM7, as observed
by the increase in membrane conductance. The
I/V-plots obtained are slightly outwardrectifying, suggesting that internal Mg2+ partly
prevents
outward
rectification
by
blocking/obstructing the pore of TRPM7
(Supp. Fig. S3C, left panel). Again, no voltageor time-dependent components were observed
in the current responses to voltage steps (Supp.
Fig. S3C, right panel). Thus, stimulatory
effects of PLC-activating agonists on TRPM7
currents can also be observed in whole-cells.
EDTA-AM induced perforated-patch
currents have the hallmarks of TRPM7
To verify that EDTA/AM-induced perforated
patch currents are carried by TRPM7, we
compared physiological and pharmacological
properties of the outward-rectifying currents.
When cells were perfused with DVF medium
the I/V-plot changed to linear due to relief of
the divalent permeation block from outside
(data not shown). Furthermore, these currents
did not display inactivation, arguing against
involvement of ICRAC, which shows rapid
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Figure S4. Spermin blocks TRPM7 currents. TRPM7
currents evoked by EDTA-AM in perforated-patches of
N1E-115/TRPM7 cells (1) are linearized by perfusion
with DVF solution (2). Subsequent addition of spermin
(50 μΜ) potently inhibits the currents (3). Note the
characteristic change in I/V plot (right panel) caused by
spermin.

inactivation under divalent-free conditions
(9; 10). Subsequent perfusion of the cells with
50 μΜ spermin (a potent blocker of TRPM7
channels in the absence of divalent ions (4;11))
caused complete block of the inward currents
and a significant (60-70%) reduction of
outward currents at positive voltages (Supp.
Fig. S4). Other TRPM7 blockers including 2APB, La3+, SKF 96365 and niflumic acid (see
Online Supportive Information, Table 1) also
effectively blocked the EDTA-AM evoked
current.

SUPPLEMENTAL DISCUSSION
Retroviral transduction results in a
conductance with all the properties of
TRPM7
The evidence can be summarized as follows, (i)
The TRPM7 protein is expressed (Fig. 1A) and
it resides at the plasma membrane (Fig. IB),
(ii) Its expression increases membrane
permeability to Ca2+, evident from increased
basal Ca2+ levels (Fig. 1C,D). (iii) Whole-cell
currents in these cells have all the hallmarks of
TRPM7 (Supp. Fig. SI), i.e. activation by
omitting Mg +1 from the pipette solution with
subsequent run-down, reversal potential about
0 mV, and outward rectification that becomes
linear when extracellular divalents are
removed. Moreover, these currents are
inhibited upon PLC activation as originally
reported, (iv) The sensitivity of sustained Ca2+
influx, whole-cell currents and perforatedpatch currents to a panel of inhibitors (Supp.
Table 1) corresponds to that reported earlier for
TRPM7. (v) The basal currents observed in
perforated patches (which are small due to
intracellular Mg + , Fig. 4) have the same
magnitude as the whole-cell currents in the
presence of intracellular Mg2+ (Supp. Fig.
SIA), and BK-evoked additional currents,
which are transient and revert to baseline levels
within several minutes, have the same
properties, (vi) Perforated-patch currents are
strongly activated when internal Mg2+ is
removed using EDTA-AM (Fig. 5B). These
currents are outward rectifying and become
linear in the absence of extracellular divalents,
and they reverse around 0 mV. (vii) In
addition, we can rule out obvious other
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candidates such as TRPM2 (which is also
widely expressed, and was detected in Ν1 Ε
Ι 15 by RT-PCR), however, TRPM2 currents
display linear I/V-relationship and are more
+
Ca selective (12) compromised cytosohc Ca
buffering (Supp Fig S2A), or voltage2+
dependent Ca influx (Supp Fig S2C) Of
2+
course the TRPM7-mediated sustained Ca
influx strongly reminisces of Store-Operated
Calcium Entry (SOCE, ICRAC) that is likewise
manifested as a sustained plateau phase to
follow an initial large Ca2+ peak from IP3sensitive internal stores However, TRPM7
opening is not evoked by depletion of stores
with thapsigargin ((9,10) and data not shown),
and unlike TRPM7, ICRAC inactivates within
seconds under divalent free conditions
Furthermore, ICRAC IS charactenzed as nonpermeable to Mg2+, Mn2+ (Supp Fig S2D) and
Cs+(6,13,14)
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Deregulation of myosin H-based contracti
lity contributes to the pathogenesis of
human diseases such as cancer, which
underscores the necessity for a tight spatial
and temporal control of myosin II activity.
Recently, we demonstrated that activation of
the mammalian α-kinase TRPM7 inhibits
myosin Il-based contractility in a Ca2+- and
kinase-dependent manner. However, the
molecular mechanism is poorly defined.
Here, we demonstrate that TRPM7
exclusively phosphorylates the COOHterminus of both mouse and human myosin
HA heavy chains, a region which is critical
for filament stability. Phosphorylated
residues were mapped to ThrlSOO, Serl803
and Serl808. Mutation of these residues to
alanine and aspartic acid respectively, leads
to an increase and a decrease in myosin HA
incorporation into the actomyosin cytoskeleton and accordingly affects subcellular
localization. In conclusion, our data
demonstrate that TRPM7 regulates myosin
HA filament stability and localization by
phosphorylating a short stretch of amino
acids within the α-helical tail of the myosin
HA heavy chain.

INTRODUCTION
The actomyosin cytoskeleton plays a vital role
in maintaining structural integrity of the cell as
well as producing the force necessary to
accomplish basic cellular functions such as
cytokinesis and migration [1-3]. Myosins are a

diverse superfamily of actin-based motor
proteins that convert chemical energy into
mechanical force [4]. In muscle and nonmuscle
cells, myosin II is the major motor protein
driving cell contraction. Notably, the level of
myosin Il-based cytoskeletal tension generated
inside the cell must be carefully controlled
during cell behavior [5-7]. Deregulation of
pathways controlling myosin II activity
contributes to the pathogenesis of several
human diseases including cancer [8].
Myosin II is a hexamenc protein composed
of two heavy chains, two essential and two
regulatory light chains [9]. To accomplish its
cellular function, myosin II assembles into
bipolar
filaments
through
electrostatic
interactions between the α-helical rod domain
of its heavy chains [10]. The motor domains on
each end of a bipolar filament pull together
oppositely oriented actin filaments to generate
cortical tension. Three nonmuscle myosin II
isoforms have been identified in mammalian
cells which are termed nonmuscle myosin IIA,
IIB and HC. These three isoforms have
overlapping functions since defects due to the
knockdown of a single nonmuscle myosin II
isoform can be rescued by overexpressing the
other isoforms [11]. However, accumulating
evidence suggests that the different myosin II
isoforms also have non-redundant roles.
Several studies have identified differences in
mRNA expression, protein localization,
enzymatic properties of the motor domain, and
binding partners between the three myosin II
isoforms
[12-20].
Accordingly,
mouse
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knockouts for nonmuscle myosin IIA and IIB
show distinct phenotypes [21,22].
In mammalian cells, phosphorylation of the
regulatory light chains is the predominant
mechanism regulating myosin II activity
[3,23]. Phosphorylation of the regulatory light
chains stabilizes
myosin II filaments,
strengthens the actin-myosin association and
activates the ATPase activity of the motor
domain leading to an increase in actomyosin
contractility. However, strong experimental
evidence exists for additional regulatory
mechanisms including myosin II heavy chain
(MHCII) phosphorylation [24-27].
Recently, we identified a novel signaling
pathway downstream of the bradykinin
receptor that regulates myosin II-based
contractility in nonmuscle cells [28,29].
Bradykinin stimulation of neuroblastoma cells
activates TRPM7 promoting its association
with myosin IIA in a Ca2+- and kinasedependent manner, which leads to actomyosin
relaxation and remodeling of cell adhesion
structures. Since TRPM7 is related to
Dictyostelium α-kinases [30], which control
the assembly and localization of myosin II by
phosphorylating its heavy chain [31,32], we
proposed that TRPM7 may use a similar
mechanism to inhibit myosin II-based
contractility in mammalian cells. Indeed, we
found that TRPM7 can phosphorylate
associated myosin IIA [28]. However, it is
unclear if and how myosin IIA phosphorylation
contributes to TRPM7-mediated cytoskeletal
relaxation. Therefore, we investigated whether
TRPM7 may affect actomyosin relaxation by
directly phosphorylating the myosin IIA heavy
chain (MHCIIA) to regulate filament stability.

aa), initial experiments were designed to
identify the domain within the heavy chain that
is phosphorylated by TRPM7. To this end,
different regions of the mouse MHCIIA were
expressed as GST-fusion proteins (Fig. 1) and
tested for their ability to be phosphorylated by
TRPM7 in in vitro kinase assays (Fig. 2). Wildtype (WT) but not kinase-dead (KD) TRPM7
phosphorylated the COOH-terminus (aa 17951960) and different fragments derived from this
region of mouse myosin IIA including both
helical and non-helical components. In
contrast, TRPM7 did not phosphorylate other
fragments that were derived from areas located
further towards the N-terminus of the
MHCIIA. These results demonstrate that the
phosphorylation of MHCIIA by TRPM7 is
confined to the extreme COOH-terminus.
-<1960
1924-^1960

Non-helical

HTs-^igeo cooH-c
Mouse

1795-2-1860

COOH-N

1795—IS—1960 COOH
1681—£—1800
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14
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Figure 1. Fragments of the MHCIIA that served as
substrate in TRPM7 kinase reactions. A schematic
diagram of the MHCIIA is depicted with the coiled-coil
domain spanning from amino acid 1091 to 1924. The
MHCIIA ends with a short non-helical tail piece (aa
1924-1960). For each myosin IIA fragment, the first and
last amino acid is indicated on either side of the Ime.
Above the line is the total number of threonine and
senne residues within each fragment.

RESULTS
TRPM7 phosphorylates the region
required for assembly of myosin HA
filaments
Previously, we demonstrated that TRPM7
phosphorylates the mouse MHCIIA [28]. To
assess the consequences of this phospho
rylation event on myosin IIA function, we set
out to map the residues phosphorylated by
TRPM7 within the MHCIIA. Since the coiledcoil domain of the MHCIIA is very large (869
70

Conservation of TRPM7 phospho
rylation sites in human myosin HA
Certain kinases such as calmodulin-dependent
protein kinase II (CaMKII) specifically
phosphorylate the mouse but not the human
MHCIIA [33]. The differences appear to arise
due to a lack of sequence conservation within
the non-helical tail. We therefore determined
whether TRPM7 could also phosphorylate the
COOH-terminus of human MHCIIA (Fig. 3).
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Figure 2. TRPM7 phosphorylates the COOHterminus of mouse MHCIIA. Different regions of the
coiled-coil domain of mouse MHCIIA were expressed as
GST-fusion proteins. The purified recombinant proteins
were incubated with WT or KD TRPM7 in the presence
32
of [γ- Ρ]ΑΤΡ. The products of the kinase reaction were
separated by SDS-PAGE and the gel was stained with
coomassie brilliant blue (bottom panel). Phosphorylated
proteins were detected by autoradiography (top panel).

In vitro kinase assays showed that TRPM7
efficiently phosphorylates the COOH-terminus
of both mouse and human MHCIIA. One
notable difference was observed. While
TRPM7 could phosphorylate the non-helical
tail of mouse MHCIIA, TRPM7 did not
phosphorylate this region within the human
homologue. Thus, the results show that the
TRPM7 phosphorylation sites in myosin IIA
are conserved
across
species
despite
differences in non-helical tail phosphorylation.
TRPM7 phosphorylates Thr-1800, Ser1803 and Ser-1808 in human myosin IIA
A multidisciplinary
approach involving
bioinformatics and proteomics was used to map
the phosphorylation sites in the human
MHCIIA. Recently, an algorithm was
developed to predict residues phosphorylated
by TRPM7 in its substrates (details of the
algorithm will be published elsewhere, A.
Ryazanov et αϊ, unpublished results). This
algorithm calculated that Seri 803 was the
residue with the highest probability to be
phosphorylated by TRPM7. To further
substantiate
these
predictions,
the
phosphorylation sites in the MHCIIA were
mapped using two distinct approaches.
Initially, 32P-labelled tryptic peptides from

Figure 3. TRPM7 phosphorylates the α-helical tail
but not the non-helical tail of human MHCIIA. The
COOH-terminus and non-helical tail of mouse and
human MHCIIA were purified as GST-fusion proteins
and incubated with WT or KD TRPM7 in the presence
of [γ-32Ρ]ΑΤΡ. The proteins were separated by SDSPAGE and visualized by staining the gel with coomassie
blue (bottom panel). Phosphorylated proteins were
detected by autoradiography (top panel).

TRPM7-phosphorylated human MHCIIA were
separated by reverse-phase HPLC. These
peptides eluted off the column into 3 fractions
at 33, 43 and 54 %v/v acetonitrile, respectively
(data not shown). When peptides from the
major peak (54%) were subjected to solidphase sequencing, a burst of 3 2 P release was
observed after the 12th cycle of Edman
degradation (Fig. 4A). The molecular mass of
the peptide (1822.79) as determined by
MALDI-TOF mass spectrometry (MS) was
identical to that expected for the tryptic
phosphopeptide comprising the last 3 residues
of GST fused to residues 1795-1806 of
MHCIIA and phosphorylated at Seri 803. AU
the other fractions also contained peptides
phosphorylated at Seri803. However, mutation
of Seri 803 to alanine reduced the incorporation
of phosphate by only 70% compared to WT
suggesting the presence of additional
phosphorylation sites within the MHCIIA (Fig.
5). We therefore further analyzed tryptic and
GluC digests of phosphorylated MHCIIA by
high accuracy mass spectrometry using a LTQFT mass spectrometer. Several mono71
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Figure 4. Mapping of phosphorylation sites in human MHCIIA. (A) Identification of Seri 803 by Edman
degradation sequencing of 32P-labeUed peptides. GST-MHCIIA COOH-terminus was incubated with TRPM7 in the
presence of [γ-32Ρ]ΑΤΡ and subjected to SDS-PAGE. The phosphoiylated GST-MHCIIA fusion protein was excised
from the gel, digested with trypsin and the peptide mixture was separated by HPLC on a CI8 column. The
phosphopeptides were sequenced by Edman sequencing with 32P-radioactivity being measured after each cycle of
degradation. The phosphorylated residue was assigned by a combination of solid-phase Edman sequencing and
MALDI-TOF. (B) Identification of phosphorylation sites by LC-MS/MS. Phosphorylated GST-MHCIIA COOHterminus was digested with trypsin and peptides were separated on a nanoLC CI8 column, which was connected inline
with a high mass accuracy LTQ-FT mass spectrometer. Representative MS 2 and MS' spectra of a peptide
phosphorylated at position Seri 808 is depicted, (m/z observed of parent ion was 637.8227, mass accuracy 0.82 ppm,
+2 charge state; NL indicates neutral loss of H3PO4 which triggers acquisition of MS 3 spectrum). The b^-ion series is
indicated in red whereas the y*-ion series is in blue. S* refers to dehydroserine. (C) Summary table of the
phosphorylation site results by LC-MS/MS.

phosphorylated peptides were detected using
the LTQ-FT in nano liquid chromatography
tandem mass spectrometry (LC-MS/MS) by the
loss of H3P04 during MS/MS and MS/MS
spectral analysis of these peptides determined
that in addition to Seri 803, ThrlSOO and
Seri808 are also phosphorylated by TRPM7
(Fig. 4, Β and C). Mutational analysis
demonstrated that all three residues contribute
to the overall phosphorylation of myosin IIA
72

with Seri803 being the major phosphorylation
site (Fig. 5). The reduction in phosphorylation
is not due to changes in MHCIIA structure
since mutation of an irrelevant residue
(ThrlSlO) had no effect on the efficiency of
MHCIIA phosphorylation.
To
address
the
differences
in
phosphorylation between mouse and human
MHCIIA, we also analyzed mouse MHCIIA
using LC-MS/MS. We detected several

TRPM7 regulates myosin IIA assembly

eT*

Λ**

β^

βΓ

1

ΛΓ·

GST-MHCIIA GSTpGST^HCIIA -

pTRPM7 — •

Β

"V" ^ / -/

Figure 5. Mutation of ThrlSOO, Seri803 and Seri808
in human MHCIIA reduces phosphorylation to
background levels. (A) The phosphoiylated residues
mapped in GST-MHCIIA COOH were mutated to
alanine individually or in combination. Since substrate
recognition by a-kmases may be influenced by
secondary structure, T1810, which was not identified by
mass spectrometry nor predicted to be phosphoiylated,
was also mutated as a negative control. GST-MHCIIA
proteins were mcubated with TRPM7 in the presence of
32
[γ- Ρ]ΑΤΡ and subjected to SDS-PAGE. Equal loading
of the GST-fusion proteins was verified by coomassie
staining (top panel) and phosphorylated proteins were
detected by autoradiography. The phosphorylation of the
different GST-MHCIIA proteins by TRPM7 is depicted
in the middle panel. The presence of equal levels of
kinase activity in each sample was determined by
monitoring TRPM7 autophosphorylation (bottom panel).
(B) Quantification of the degree of phosphorylation of
the different GST-MHCIIA fusion proteins by TRPM7
32
using phosphoimager analysis. The level of
P
incorporation into the WT GST-MHCIIA fusion protein
was set to 1 and phosphorylation of all other proteins is
reported relative to this value.
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Figure 6. Conservation of phosphorylation sites between mouse and human myosin IIA. Alignment of the mouse
and human MHCIIA COOH-terminus with the phosphotylation sites underlined. Note that two out of three residues in
the conserved stretch of ammo acids withm the coiled-coil domain were verified in mouse MHCIIA by LC-MS/MS.
Moreover, a nonconserved threonine residue is present m the non-helical tail that is phosphorylated m mouse but not
human MHCIIA.

phosphopeptides
and
mapped
the
phosphorylation sites to Seri799, Seri 803 and
Thrl931. Notably, Thrl931 is present in the
non-helical tail of mouse but not human
MHCIIA (Fig. 6), which explains the

differences observed in in vitro kinase assays
(Fig. 3). We conclude that TRPM7
phosphorylates a short-stretch of conserved
amino acids in the coiled-coil domain of the
MHCIIA.
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Figure 7. Mutation of phosphorylation sites to aspartic
acid affects myosin IIA filament stability. (A) The
assembly of WT and mutant rods was monitored using a
standard sedimentation assay.(·) WT, (O) 3xA, ( • )
3xD. The solid lines represent the best fit to the Hill
equation. (B) Midpoint measurement for WT and mutant
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Mutation of phosphorylation sites
affects filament stability and protein
localization
To investigate
the consequences
of
phosphorylation on myosin IIA filament
assembly, we generated myosin IIA rod
constructs with the phosphorylation sites
(ThrlSOO, Seri803 and Seri808) mutated to
alanine or aspartic acid. The WT and mutant
myosin IIA rods were assembled into filaments
at different NaCI concentrations and the degree
of solubility was measured. Myosin IIA rods
containing phosphomimetic aspartic acid
mutations showed increased solubility at
physiological salt concentrations in comparison
to WT myosin IIA and the alanine mutant (Fig.
7A). The differences in myosin IIA assembly
between WT and 3xD rods are further
demonstrated by the midpoint values (Fig. 7B).
To
study
the
effect
of
these
phosphorylation sites on myosin IIA stability in
vivo, the same mutations were introduced into a
YFP-MHCIIA construct. In addition, the last
170 aa of the COOH-terminus in YFPMHCIIA (AC 170) were deleted to serve as a
positive control for myosin IIA filament
disassembly [34]. Subsequently, these constructs were expressed in COS7 cells because
they predominantly express MHCIIB and no
MHCIIA. Western blotting showed that all
constructs were expressed to similar levels in
COS7 cells. However, biochemical fractionation of the cells revealed significant differences

Figure 8. Mutation of phosphorylation sites to
aspartic acid increases Triton solubility of myosin
IIA. YFP-MHCIIA constructs were transiently
transfected into COS7 cells. The cells were fractionated
into a triton soluble and insoluble fraction. Equal
amounts of these fractions were separated by SOSPAGE and immunoblotted. Exogenous myosin IIA was
detected using anti-GFP antibodies followed by
IRDyeSOO-coupled
anti-mouse
IgG
secondary
antibodies. Fluorescence was measured using the
Odyssey detection system. (A) A representative Western
blot depicting the presence of YFP-MHCIIA mutants in
the different fractions. (B) Quantification of the degree
of solubility of each YFP-MHCIIA fusion protein. The
data are presented as the % of soluble MHCIIA protein
(mean ± SEM, n=5).

TRPM7 regulates myosin IIA assembly

Myosin

Actin

Merge

WT

AC170

3xA

3xD

Figure 9. Relocalization of YFP-MHCIIA 3xD mutant away from the cortex. YFP-MHCIIA constructs were
transiently expressed in COS7 cells. Subsequently, the actin cytoskeleton was stained using Texas red-conjugated
phalloidin and cellular localization of YFP-MHCUA and F-actin was visualized by fluorescence microscopy.

in the degree of filament assembly between the
various MHCIIA mutants (Fig. 8). The
majority of WT YFP-MHCIIA assembles into
the actomyosin cytoskeleton whereas deletion
of the last 170 aa prevents this assembly.
Notably, mutation of the phosphorylation sites
to alanine (3xA) and aspartic acid (3xD) led to
a decrease and an increase in YFP-MHCIIA
solubility, respectively (Fig. 8B). Thus, the
ability of myosin IIA to form bipolar filaments
appears to be dependent on the phosphorylation
state of Thrl800, Serl803 and Serl808.

Based on the results of our biochemical
experiments, we hypothesized that the various
YFP-MHCIIA
proteins
have
different
distribution patterns in COS7 cells. Indeed, we
observed that WT YFP-MHCIIA co-localized
with the cortical F-actin cytoskeleton whereas
the AC 170 mutant was exclusively cytosolic
(Fig. 9). Although the 3xA YFP-MHCIIA
mutant also localized with the cortical F-actin
cytoskeleton, the 3xD MHCIIA protein was
predominantly found in the cytosol similar to
the AC 170 mutant. However, one notable
75
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difference between the AC 170 and 3xD
MHCIIA mutants was observed. While the
AC 170 mutant showed a homogenous
distribution within the cytosol, the 3xD
MHCIIA was still capable of forming
aggregates. This result is consistent with the
biochemical fractionation experiments which
showed that AC 170 MHCIIA was substantially
more soluble than the 3xD MHCIIA mutant
(Fig. 8). We therefore conclude that
phosphorylation of ThrlSOO, Seri803 and
Seri808 leads to a redistribution of the
MHCIIA filaments in cells away from the
cortex.

DISCUSSION
In this study, we addressed the molecular
mechanism by which TRPM7 directly affects
the activity of nonmuscle myosin IIA. We
demonstrate that TRPM7 phosphorylates
ThrlSOO, Seri803 and Seri808 in the coiledcoil domain of the MHCIIA and that
phosphomimetic mutations introduced at these
sites lead to the disassembly of myosin IIA
filaments when expressed in cells. To the best
of our knowledge, this study and another recent
investigation (Dulyaninova et al., submitted)
are the first to show that phosphorylation of the
MHCIIA affects filament assembly in vivo.
Moreover, our results
demonstrate a
conservation of function between Dictyostelium and mammalian α-kinases.
We have chosen to investigate the effect of
TRPM7 on the nonmuscle myosin IIA isoform
rather than the myosin IIB or IIC isoforms for
several reasons. Firstly, both TRPM7 and
myosin IIA are ubiquitously expressed whereas
myosin IIB and IIC have a more restricted
expression pattern [12,35,36]. For instance,
both TRPM7 and myosin IIA are widely
expressed in hematopoeitic cells whereas
myosin IIB and IIC are absent. Secondly,
previous work has shown that TRPM7
associates with the nonmuscle myosin IIA
isoform in a Ca2+- and kinase-dependent
manner leading to actomyosin relaxation [28].
Thirdly, nonmuscle myosin IIA regulates cell
adhesion in neuronal cells. Knockdown of
myosin HA but not myosin IIB leads to the
disruption of focal adhesions formed in
76

neuronal cells [37]. Recently, we have shown
that activation of TRPM7 leads to a remodeling
of adhesion structures in neuronal cells and that
this phenotype can be mimicked by
pharmacological inhibition of myosin II [28].
Taken together, these results suggest that
TRPM7 may be influencing myosin IIA
function. However, this does not exclude a role
for TRPM7 in regulating myosin IIB and IIC,
which is currently being addressed in our lab.
TRPM7 exclusively phosphorylates the
extreme COOH-terminus of the MHCIIA since
all other regions of the coiled-coil domain were
not phosphorylated by TRPM7. Interestingly,
this region of the MHCIIA is critical for
filament assembly [34] and this can be
regarded as an important regulatory domain.
Point mutations that alter the charge
composition of the MHCIIA tail affect myosin
IIA filament assembly leading to human
disease [38]. Moreover, phosphorylation of this
region by PKC and CKII decreases the critical
salt concentration required to solubilize myosin
IIA filaments in vitro [25]. Other regulatory
proteins such as S100A4 also target this area of
the MHCIIA [20]. Thus, TRPM7 specifically
phosphorylates the region important for the
regulation of myosin HA filament formation.
Our experiments identify Thrl 800, Seri 803
and Seri 808 as novel residues important for
regulating myosin IIA assembly. These three
TRPM7 phosphorylation sites are concentrated
in a short stretch of amino acids rather than
being scattered throughout the COOH-terminus
of the MHCIIA demonstrating that the kinase
reactions are highly specific. Moreover, the
conservation of these residues across species
provides further evidence that they represent
important regulatory sites. In this study, we
have demonstrated that phosphorylation of the
α-helical tail of MHCIIA leads to filament
disassembly. However, it will be important in
the future to dissect the contribution of each
residue to the regulation of myosin IIA
filament stability. Based on sequence
conservation, we propose that Seri 803 and
Seri 808 are likely to be the most important
TRPM7 regulatory sites in both mouse and
human myosin IIA.
The
importance
of
heavy
chain
phosphorylation to myosin IIA filament
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stability remains controversial. Initial studies
reported that myosin IIA filament assembly
was predominantly regulated by S100A4
binding whereas myosin IIB was regulated by
heavy chain phosphorylation [39,40]. More
recently,
it
was
demonstrated
that
phosphorylation of the MHCIIA by CKII and
PKC isoforms leads to filament disassembly in
vitro [25]. Moreover, phosphorylation of the
PKC site in myosin IIA correlates with
exocytosis suggesting a role for MHCIIA
phosphorylation in regulated secretion [41].
Our results
clearly
demonstrate that
phosphorylation of the MHCIIA affects
filament assembly in vivo. Mutation of TRPM7
phosphorylation sites to aspartatic acid in
MHCIIA reduces the incorporation of myosin
HA into the actomyosin cytoskeleton, leading
to a relocalization of the protein away from the
cortex. While myosin IIA and myosin IIB are
both regulated by heavy chain phosphorylation,
important differences exist between the two
isoforms. For instance, PKC phosphorylates
myosin IIA in the coiled-coil domain whereas
it phosphorylates myosin IIB in the non-helical
tail [39,42]. Moreover, different signaling
pathways control the assembly of each myosin
II isoform as the kinetics of myosin IIA and
IIB phosphorylation upon agonist stimulation
of mammalian cells differ and separate
members of the PKC family specifically
phosphorylate myosin IIA and IIB [26,27,40].
We conclude that both myosin IIA and IIB are
regulated by heavy chain phosphorylation in
vivo but that specific signaling pathways
control the assembly of these different myosin
II isoforms.
To date, we have observed no global
changes in myosin IIA phosphorylation in
response to TRPM7 activation. This result is
not surprising
since myosin
IIA is
constitutively phosphorylated on multiple sites
making it difficult to detect changes in 3 2 P
incorporation of a single site. In fact, detecting
the phosphorylation of a particular site on
myosin II generally requires the mutation of
several residues, which are phosphorylated by
other kinases [27]. Moreover, the TRPM7
kinase is low in abundance relative to other
kinases. Based on the low expression levels,
we do not believe that TRPM7 is responsible

for the global regulation of myosin IIA
dynamics in mammalian cells. Instead, we
propose that it affects myosin IIA locally.
Accordingly, TRPM7 is enriched in cell
adhesion structures including podosomes
[28,43]. Activation of TRPM7 may generate a
local relaxation of the actomyosin cytoskeleton
in close proximity to adhesion structures
leading to a remodeling of focal adhesions and
podosomes [28].
Both TRPM7 and PKC phosphorylate the
MHCIIA α-helical tail. Since TRPM7 and
PKC are activated by PLC-mediated PIP2
hydrolysis [29,44], it is possible that both
kinases synergize to regulate myosin IIA
filament formation. Notably, both activation of
TRPM7 and PKC lead to the remodeling of
adhesion structures and de novo formation of
podosomes, which requires an inhibition of
myosin II activity [28,45]. It will therefore be
interesting to investigate in the future how the
different kinase pathways cooperate to provide
a temporal and spatial regulation of myosin II
filament stability and localization in cells. The
development of phospho-specific antibodies
against the TRPM7, PKC and CKII sites will
be essential to address this issue in the future.
Ultimately, antibodies that allow in situ
detection of phospho-MHCIIA will provide
further insight into the dynamics of the
actomyosin cytoskeleton in mammalian cells.
In conclusion, we demonstrate that TRPM7
regulates myosin IIA filament stability and
protein localization by phosphorylating the
heavy chain. Moreover, our results identify
novel residues, ThrlSOO, Seri803 and Seri 808,
that regulate myosin IIA filament assembly in
vivo. Future experiments will be aimed at
understanding the spatial and temporal
organization of signaling networks controlling
MHCIIA phosphorylation in mammalian cells.

MATERIALS AND METHODS
Constructs
The retroviral vector encoding the HA-tagged WT and
KD TRPM7 kinase domain (HA-TRPM7-C; aa 11581864) were previously described [28]. Mouse MHCIIA
fragments (Fig. 1) were amplified by RT-PCR using
RNA isolated from Ν1 E-115 cells and cloned in frame in
pGEX-lN using BamHI and EcoRI sites. Human
MHCIIA fragments fused to GST were generated as
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described for mouse MHCIIA constructs but the cDNA
was amplified by PCR using the pTRE-GFP-MHCIIA
construct (kind gift from Robert Adelstein, NIH,
Bethesda, USA) as template. The vector pTRE-GFPMHCIIA contains a TET-responsive element [34], which
allows the inducible expression of GFP-MHCIIA in
mammalian cells, however in our hands, expression in
different cell lines was inefficient. Therefore, MHCIIA
was excised using HindlH and Spel sites and cloned into
pEYFP-C3, which contains a CMV promoter. To
generate AC 170 mutant, YFP-MHCIIA was digested
with AflH and Spel, Klenow filled and ligated. The
construct encoding myosin IIA rod in the pET28a vector
was previously described [20]. All point mutations were
introduced by site-directed mutagenesis using the
Quikchange mutagenesis kit (Stratagene). All constructs
were verified by DNA sequencing.

mM MnCl2, 2 mM DTT) with 2 μg of GST-fusion
proteins. The kinase reactions were initiated by adding
32
ATP (100 μΜ cold ATP plus 5 nCi [γ- Ρ]ΑΤΡ) and
incubating at 30°C for 30 min. Kinase reactions were
stopped by the addition of Laemmli buffer containing 40
mM EDTA. Samples were boiled, separated by SDSPAGE and phosphorylated proteins were detected by
autoradiography. Quantification was performed by
phosphounager analysis.

Cell culture
RBL-2H3 and COS7 cells were cultured in DMEM
medium with 10% FCS. Stable RBL-2H3 cell lines
expressing WT and KD HA-TRPM7-C were generated
by retroviral transduction [46] Cells were selected by
the addition of 0.8 mg/ml G418 to the media and the
selection was complete within 7 days. For transient
protein expression, COS7 cells were transfected using
either the DEAE-detran method or Fugene 6 (Roche)
according to the manufacturer's protocol.

Phosphopeptlde analysis by LC-MS/MS
Tryptic and GluC digests of phosphorylated myosm IIA
were purified and desalted using C 1 8 STAGE tips [48]
before analysis by mass spectrometry
Peptide
identification experiments were performed using a nano
HPLC Agilent 1100 nano flow system connected online
to a 7-Tesla linear ion trap Ion Cyclotron Resonance
Founer Transform (LTQ-FT) mass spectrometer
(Thermo Fisher, Bremen, Germany). Pepndes were
separated on a 15 cm 100 μπι ID PicoTip columns (New
Objective, Wobum, USA) packed with 3 μιη Reprosil
CIS beads (Dr. Maisch GmbH, Ammerbuch, Germany)
using a 90 mm gradient from 10% buffer Β to 40%
buffer Β (buffer Β contains 80% acetomtnle in 0.5%
acetic acid) with a flow-rate of 300 nl/min. Peptides
eluting from the column tip were electro-sprayed directly
mto the mass spectrometer with a spray voltage of 2.1
kV. Data acquisition with the LTQ-FT was performed in
a data-dependent mode to automatically switch between
MS, MS , and neutral-loss-dependent MS 3 acquisition.
Briefly, full-scan MS spectra of intact peptides (m/z
350-2000) with an automated gain control accumulation
target value of 106 ions were acquired in the Fourier
transform ion cyclotron resonance (FT ICR) cell with a
resolution of 50000. The four most abundant ions were
sequentially isolated and fragmented in the linear ion
trap by applying collisionally mduced dissociation using
an accumulation target value of 10000 (capillary
temperature, 100oC; normalized collision energy, 30%).
A dynamic exclusion of ions previously sequenced
within 180 s was applied. All unassigned charge states
and singly charges ions were excluded from sequencmg.
A minimum of 50 counts was required for MS 2 selection
Data-dependent neutral loss scanning of phosphoric acid
groups was enabled for each MS 2 spectrum among the
three most intense fragment ions RAW spectrum files
were converted into a Mascot generic peaklist by DTA
Supercharger (http://msquant.sourceforee.net). Accurate
parent masses of MS 3 spectra were automatically
generated by DTA Supercharger from the full FT MS
scan. Peptides and proteins were identified using the
Mascot (Matrix Science) search engine version 2.0 to
search a local version of the human International Protem

GST-fusion protein purification
GST-fusion proteins were induced in BL21 DE3 E Coli
by the addition of 200 μΜ IPTG and incubating the
culture at 370C for 3 h Bacteria were washed and
subsequently resuspended in ice-cold GST-lysis buffer
(50 mM Tris pH 7.5, 300 mM NaCl, 1.5 mM MgCl2, 0.2
mM EDTA, 0.5 mM DTT, 1% Tnton X-100 and
protease inhibitors). To degrade the cell wall, bacteria
were incubated on ice for 15 min in the presence of
lysozyme (100 Mg/ml). The bactena were lysed by
sonication and insoluble material was removed by
centrifugation. The GST-fusion proteins were isolated by
incubating the supernatant with glutathione-sepharose
beads for 2 h at 4 0 C. The beads were washed in GSTlysis buffer and GST-fusion proteins were eluted m
elution buffer (100 mM Tris pH 8.0, 300 mM NaCl, 20
mM reduced glutathione, 1 mM DTT). Protein
concentration was measured using the Bradford assay
For long-term storage, proteins were frozen in the
presence of 10% glycerol at -80°C
In vitro kinase assays
WT and KD HA-TRPM7-C were punfied from
mammalian cells by immunoprecipitation. Cells were
lysed in ice-cold RIPA buffer (50 mM Tris pH 7.5, 150
mM NaCl, 0.5% sodium deoxycholate, 0.1% SDS, 1%
Triton X-100 and protease inhibitors). Debns was
removed by centrifugation and TRPM7 kinase was
isolated by immunoprecipitation using anti-HA
antibodies (12CA5) coupled to protein G-sepharose.
TRPM7
immunecomplexes
were
washed
and
resuspended in IVK buffer (50 mM HEPES pH 7.0, 4
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EDMAN sequencing and MALDI-TOF MS
Residues phosphorylated by TRPM7 in MHCIIA were
determined by a combination of solid-phase Edman
sequencing and MS. Mapping of phosphorylation sites
by Edman degradation sequencing and MS analysis of
32
P-labelled peptides was performed as previously
described [47].

TRPM7 regulates myosin IIA assembly

Index (IPI) database version 3.05 supplemented with the
sequences of GST-myosin IIA fusion proteins. The
settings for MASCOT searches were 10 ppm tolerance
for the parental peptide and 0.5 Da for fragmentation
spectra, a fixed carbamidomethyl modification for
cysteines, variable modifications for oxidation of
methionine, deamidation for glutamine and asparagine
and phosphorylation for serine, threonine and tyrosine.
Venfication and site mapping of phosphorylated
peptides was perfomed using the Post Translational
Modification
scoring
algorithm
of
MSQuant
(http://msquant.sourceforge.net), accordmg to the
procedure of Olsen and coworkers for phosphopeptides
[49]. As a final verification step, peptides containing
phosphorylation sites occurring only once or twice were
2
3
verified by manual inspection of the MS and MS
spectra
Myosin HA filament assembly
WT and mutant myosin IIA rods were purified as
previously described [20]. The assembly properties of
the myosin IIA rods were characterized in the presence
of magnesium as described by Dulyanmova et al [25].
The solubility data were plotted as a function of NaCl
concentration and fit to the Hill equation in order to
compare the midpoint of the curves for WT and mutant
rods.
Cytoskeletal extraction
COS7 cells were transiently transfected with YFPMHCIIA constructs 24 h prior to the experiment. Cells
were washed twice with ice-cold PBS and lysed in
cytoskeletal extraction buffer (50 mM Tris pH 7.5, 50
mM NaCl, 5 mM MgCh, 1% Tnton X-100, 1 mM
PMSF, 2 μ^πιΐ aprotinin and 2 Mg/ml leupeptin) for 10
min on ice. The lysates were centrifuged for 10 min at
16000 xg to remove any insoluble material. Laemmli
buffer was added to the supernatant. To solubilize the
triton insoluble fraction, the purified cytoskeletons were
first washed twice with cytoskeletal extraction buffer
and proteins were solubilized in Laemmli buffer. The
proteins were separated by SDS-PAGE on a 6% gel and
transferred to nitrocellulose. YFP-MHCUA proteins
were detected using anti-GFP (1:1000; Roche)
antibodies followed by IRDye 800CW-conjugated antimouse IgG (1:5000; Westburg). The fluorescence
intensity of each band was quantified using the Odyssey
Infrared Imaging System (LI-COR Biosciences).
Microscopy
COS7 cells were seeded on glass coverslips and
transfected with YFP-MHCIIA constructs. The
following
day,
cells
were
fixed
m
3.7%
formaldehyde/PBS for 10 min, permeabilized with 0.1%
Tnton X-100/PBS for 3 min and blocked in 3%
BSA/PBS. To detect F-actin, cells were incubated with
Texas Red-labelled phalloidin (1200; Molecular Probes)
for 45 min. Cells were washed 3 times with PBS
between each step. Cells were viewed using a LeicaDMRA microscope with a 63X, 1.32 NA oil immersion
lens.

Statistical Analysis
Quantitative data are presented as the mean ± SEM.
Statistical
significance
of
differences
between
experimental groups was assessed with Student's / test.
Differences in means were considered significant if ρ <
0.05.
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TRPM6
and
TRPM7 are
unique
bifunctional proteins encoding a TRP
cationic channel coupled to an α-kinase.
These
channels
have
very
similar
electrophysiological properties however it is
unknown whether these kinases share
exogenous substrates. Recently, we found
that, like its counterparts in Dictyostelium,
TRPM7 phosphorylates the myosin IIA
heavy chain. We therefore characterized the
phosphorylation of nonmuscle myosin II
isoforms by TRPM6 and TRPM7. We
demonstrate that both TRPM6 and TRPM7
exclusively phosphorylate
the region
essential for filament assembly of the myosin
IIA, IIB and
IIC heavy
chains.
Phosphomapping analysis by high accuracy
mass spectrometry reveals that TRPM6 and
TRPM7 phosphorylate a short stretch of
amino acids in the helical region of all three
myosin II isoforms. Whereas phospho
rylation of myosin IIA is restricted to the
coiled-coil domain, TRPM6 and TRPM7
also phosphorylate
the serine- and
threonine-rich nonbelical tails of myosin IIB
and IIC. For this reason, 3 2 P incorporation
into myosin IIB and IIC is 10-fold higher
than in myosin IIA. Notably, TRPM6 and
TRPM7 do not phosphorylate eEF-2 and
myosin II is a poor substrate for eEF-2
kinase. Collectively, our results demonstrate
that TRPM6 and TRPM7 share exogenous
substrates between themselves but not with
functionally distant α-kinases such as eEF-2
kinase. Moreover, our data suggest that
TRPM6 and TRPM7 may regulate actomyosin contractility by phosphorylating all
three nonmuscle myosin II isoforms.

INTRODUCTION
TRPM6 and TRPM7 are bifunctional proteins
encoding a TRP cation channel fused to a
kinase and represent the only two proteins in
the mammalian genome with this particular
architecture. Notably, these kinases are
members of a novel family of atypical protein
kinases called α-kinases [1]. The name has
emerged since the founding members of this
family preferentially phosphorylate amino
acids present in the context of an α-helix [2].
This characteristic feature of α-kinases
distinguishes them from conventional protein
kinases, which generally
phosphorylate
residues found in irregular structures as well as
turns and loops [3]. A critical issue in
understanding the biological function of
TRPM6 and TRPM7 is to identify the
substrates for each kinase.
Within the mammalian α-kinase family,
TRPM6 and TRPM7 are most closely related
to each other. In addition to similarity in
primary structure, TRPM6 and TRPM7 have
comparable electrophysiological properties as
well as cellular functions. Physiological Mg2+
and Mg +-nucleotide concentrations inhibit
TRPM6 and TRPM7 channels [4-7].
Accordingly, these channels play a key role in
Mg2+ homeostasis [7-9]. Moreover, TRPM6
and TRPM7 may directly co-operate to affect
cell behavior since they hetero-oligomerize to
generate TRPM6/7 channels [10]. On the other
hand, substantial evidence exists demonstrating
that TRPM6 and TRPM7 also have unique
roles in human biology. The mRNA expression
profile is clearly distinct with TRPM7 being
ubiquitously expressed whereas TRPM6 is
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found predominantly in the brain, intestine and
kidneys [11]. Although the different channels
are all activated by Mg2+ depletion, TRPM6,
TRPM7 and hetero-TRPM6/7 channels can be
distinguished
using
electrophysiological
techniques [12]. At the functional level,
overexpression of TRPM6 cannot rescue cell
growth arrest due to the ablation of TRPM7
[13] and the disease familial hypomagnesemia
with secondary hypocalcemia, which is caused
by mutations of TRPM6, progresses despite the
expression of TRPM7 in both the intestine and
kidney [8,9]. Thus, TRPM6 and TRPM7 have
unique functions even though they share many
structural and electrophysiological features.
Are these functional differences related to a
distinct set of substrates for each kinase?
In contrast to channel function, little is
known about the substrates for the TRPM6 and
TRPM7 kinases. Whereas no exogenous
substrates have been identified for TRPM6,
TRPM7 phosphorylates annexin I and myosin
IIA heavy chain (MHCIIA) [14,15]. However,
it was shown that TRPM6 can undergo
autophosphorylation and cross-phosphorylate
TRPM7 but TRPM6 is not phosphorylated by
TRPM7 suggesting that these two kinases have
different substrate specificities [13]. Whether
TRPM6 and TRPM7 share exogenous
substrates between themselves and with other

α-kinases, such as eEF-2 kinase, remains
unknown.
In Dictyostelium, several α-kinases regulate
the localization and assembly of myosin II
filaments by directly phosphorylating the
coiled-coil domain of the MHCII [16,17].
Based on this work, we demonstrated that
TRPM7 also regulates cytoskeletal dynamics in
mammalian cells. TRPM7 phosphorylates the
COOH-terminus of MHCIIA leading to
redistribution of myosin IIA away from the
cortical actin cytoskeleton ([15] and Chapter
4). However, three nonmuscle isoforms have
been identified in mammalian cells known as
nonmuscle myosin IIA, IIB and HC. These
three isoforms are well conserved throughout
the entire protein and share certain cellular
functions [18] but there is increasing evidence
for non-redundant roles for each isoform.
Several studies have noted differences in RNA
expression patterns in tissues, intracellular
localization, biochemical properties and modes
of regulation between the different myosin II
isoforms [18-24]. Whether TRPM7 phosphory
lates the heavy chains of all three myosin II
isoforms remains unknown. Therefore, we
characterized the phosphorylation of non
muscle myosin IIA, IIB and IIC by TRPM6
and TRPM7.
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Figure 1. DiiTerent regions of
the myosin IIA, HB and IIC
heavy
chains
that
were
expressed
as
GST-fusion
proteins
and
served
as
substrate in kinase reactions. A
schematic
diagram
of
the
nonmuscle myosin II heavy
chains is depicted with the motor,
coiled-coil
and
nonhelical
domains indicated. Homologous
regions of MHCIIA, IIB and IIC
were used in the kinase assays.
For each fragment, the start and
end amino acid is indicated on
either side of the line. Above the
line is the total number of
threonine and serine residues
within the fragment.

TRPM6/7 phosphorylate myosin IIA, IIB and HC

RESULTS
TRPM7 phosphorylates the heavy
chains of myosin IIB and HC 10-fold
more heavily than that of myosin HA
Recently, we described
that TRPM7
exclusively phosphorylates
the COOH
terminus of the MHCIIA (Chapter 4). To
examine whether TRPM7 also phosphorylates
the myosin IIB and HC heavy chains, regions
homologous to the MHCIIA were expressed
and purified as GST-fusion proteins (Fig. 1).
Incubation of the GST-fusion proteins with
TRPM7 led to the phosphorylation of all three
myosin II isoforms (Fig. 2A). Like myosin IIA,
the phosphorylation sites in the myosin IIB and
IIC heavy chains are restricted to the extreme
COOH terminus since upstream regions of the
coiled-coil domain are not phosphorylated by
TRPM7. However, 3 2 P incorporation by
TRPM7 into myosin IIB and IIC was 10-fold
greater than for myosin HA (Fig. 2B,C).
TRPM7 phosphorylates the nonhelical
tail in myosin IIB and IIC but not myosin

IIA
To address the difference in phosphorylation
efficiency between the myosin II isoforms, the
amino acid sequence of their COOH termini
were aligned. Sequence alignment revealed that
the helical tail is highly conserved between all
three isoforms but that the nonhelical tail
differs significantly in length and sequence. In
contrast to myosin IIA which only has a single
serine residue in the nonhelical tail, myosin IIB
and IIC contain more than 10 phosphoacceptor
sites. Moreover, the nonhelical tails of myosin
IIB and IIC contain a short stretch of amino
acids rich in serines and threonines at the
beginning that is absent in the myosin HA
isoform. We therefore generated GST-fusion
proteins where the helical and nonhelical tails
were separated from one another. Subjecting
these recombinant proteins to in vitro kinase
assays clearly demonstrated that the differences
in phosphorylation between myosin II isoforms
are due to the contribution of the nonhelical tail
(Fig. 3). The myosin IIB and IIC nonhelical
tails were phosphorylated by TRPM7 whereas
the myosin HA nonhelical tail was not
phosphorylated. Moreover, removing the
nonhelical tail from the COOH terminus of
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Figure 2. Phosphorylation of myosin IIA, IIB and IIC
heavy chains by TRPM7. (A) TRPM7 specifically
phosphorylates the COOH terminus of myosin IIA, IIB
and IIC heavy chains. The upstream region and COOHterminus of the different nonmuscle myosin II isoforms
were purified as GST-fusion proteins and subsequently,
incubated with WT or KD TRPM7 in the presence of [γ32
P]ATP. The proteins were separated by SDS-PAGE
and detected by staining the gel with coomassie brilliant
blue (top). Phosphorylated proteins were detected by
autoradiography. The middle panel depicts phospho
rylated GST-myosin II proteins whereas the bottom
panel shows the level of TRPM7 autophosphorylation to
control for kinase activity. (B) TRPM7 phosphorylates
myosin IIB and IIC heavy chains 10-fold more
efficiently than the myosin IIA heavy chain. The COOH
termini of myosin IIA, UB and IIC heavy chains were
incubated with WT TRPM7 in the presence of [γ32
P]ATP in four independent reactions. The products of
the kinase reactions were analyzed as described in A.
(C) Quantification of the degree of phosphorylation of
each myosin II isoform by TRPM7. The level of 3 2 P
incorporation was measured by phosphoimaging and
reported relative to the degree of myosin IIA
phosphorylation which was set to 1.
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Figure 3. Deletion of the nonhelical tail from the COOH terminus of myosin IIB and IIC heavy chains reduces
their phosphorylation to levels observed in myosin IIA. The COOH terminus of each nonmuscle myosin II isoform
was split into the helical and nonhelical components. The proteins were purified as recombinant GST-fusion proteins
32
and subsequently, incubated with WT or KD TRPM7 in the presence of [γ- Ρ]ΑΤΡ. The proteins were separated by
SDS-PAGE and visualized by staining the gel with coomassie brilliant blue (top). Phosphorylated GST-fusion protein
(middle) and autophosphorylated TRPM7 (bottom) were detected by autoradiography.

myosin IIB and IIC reduced the levels of
phosphorylation to those observed in myosin
IIA. Thus, TRPM7 phosphorylates both the
helical and nonhelical components of the
myosin IIB and IIC heavy chains.
TRPM7 phosphorylates conserved
regions in myosin II isoforms
TRPM7 phosphorylates mainly serines in
myosin IIA and IIB but threonines in myosin
IIC (Fig. 4). To investigate the specificity of
the MHCII phosphorylation by TRPM7, we
mapped the phosphorylation sites in all three
nonmuscle isoforms by nanoliquid chromato
graphy tandem mass spectrometry (LCMS/MS; Fig. 5 and supplemental data).
TRPM7 phosphorylates ThrlSOO, Seri 803 and
Seri 808 in the coiled-coil domain of myosin

Θ-

pH3.S

IIA. This part of the heavy chain is also
phosphorylated in myosin IIB and IIC. TRPM7
phosphorylates Serl812 in myosin IIB, which
is analogous to Seri803 of myosin IIA. In
contrast to Seri 803, which is only conserved in
myosin IIB, Seri 808 is conserved and
phosphorylated in both myosin IIB (T1817)
and IIC (T1833). TRPM7 also phosphorylates
Seri 839, a site unique to myosin IIC. In
addition to the coiled-coil domain, TRPM7
phosphorylates numerous serines in the myosin
IIB and threonines in the myosin IIC
nonhelical tails. Using a newly developed
algorithm to identify the phosphorylated
residue in phosphopeptides by LC-MS/MS
[25], we determined with high probability that
multiple residues in both myosin IIB and IIC
nonhelical tails are phosphorylated by TRPM7.
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Figure 4. Phosphoamino acid analysis of myosin IIA, IIB and IIC heavy chains. The COOH termini of myosin IIA,
myosin IIB and myosin UC were phosphorylated in vitro by TRPM7 using [γ-32Ρ]ΑΤΡ. The phosphoproteins were
hydrolysed in HCl and the amino acids were separated by 2D thin-layer electrophoresis. To reveal the position of the
different phosphoamino acids, the plates were stained with ninhydrin and 32P-labelled threonine, serine and tyrosine
were detected by autoradiography.
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TRPM7 shares substrate specificity
with TRPM6 but not eEF-2 kinase
TRPM6 and TRPM7 channels have similar
electrophysiological properties [26]. Moreover,
TRPM6 and TRPM7 can operate as
heterotetramers [10]. However, it is unknown
whether these α-kinases share substrates with
each other or other members of the α-kinase
family. To address this issue, we purified the
TRPM6 kinase from mammalian cells and
incubated it with the different GST-myosin II
fusion proteins. We observed that TRPM6
exclusively phosphorylates
the COOH
terminus of the different nonmuscle myosin II
isofonns
(Fig.
6A).
Moreover,
the
stoichiometry of phosphorylation is the same as
for TRPM7. TRPM6 phosphorylates the
nonmuscle myosin IIB and IIC heavy chains
10-fold more strongly than the MHCIIA.
Again, this difference is due to the ability of
TRPM6 to phosphorylate the nonhelical tails of
myosin IIB and IIC (data not shown). Our LCMS/MS experiments indicated that TRPM6
phosphorylates the same sites as TRFM7 in the
different myosin Π isofonns (data not shown).
This result was subsequently confirmed by
comparing WT versus the 3xA mutant of
myosin ΠΑ (Fig. 6B). While TRPM6 could
efficiently phosphorylate WT myosin IIA

Figure 5. Mapping of
TRPM7
phofphoryladon fitet in myosin IIA,
UB and HC heavy chains by nanoLCMS/MS. The COOH teiminus of each
myosin II isoform was phosphorylated by
TRPM7, subjected to SDS-PAGE and
digested in gel with trypsin or GluC The
peptides were chromatrographed on a
nanoLC-ClS column that was connected
inline
with
the
LTQ-FT
mass
2
spectrometer. (A) A representative MS
3
and MS spectra for a myosin IIB peptide
phosphorylated
on Ser-1935. (m/z
observed of parent ion was 537 7342,
mass accuracy 0 38 ppm, +2 charge state;
NL mdicates neutral loss of H)P0 4 which
3
triggers acquisition of MS spectrum) The
+
b -ion senes is mdicated in red whereas
the y*-ion senes is blue. (B) Alignment of
the COOH termini of myosm IIA, IIB and
HC heavy chains The helical tail is in
normal font and the nonhehcal tail m
italic
Residues phosphorylated
by
TRPM7 are m bold and underlined.

fusion protein, mutation of ThrlSOO, Seri 803
and Seri 808 to alanine reduced the
phosphorylation of myosin IIA to background
levels. Moreover, we found that TRPM7
cannot phosphorylate eEF-2 and conversely,
eEF-2 kinase poorly phosphorylates nonmuscle
myosin II isoforms (Fig. 7). These results
demonstrate that TRPM6 and TRPM7, but not
eEF-2 kinase, share exogenous substrates and
suggest that, similar to TRPM7, TRPM6 may
also be involved in regulating actomyosin
cytoskeleton dynamics.

DISCUSSION
An
important
conclusion
from
our
investigations is that TRPM6 and TRPM7
share exogenous substrates with themselves but
not with kinases having distantly related
functions such as eEF-2 kinase. We
demonstrated that TRPM6 and TRPM7
phosphorylate the different myosin II isofonns
on identical residues. These observations are at
odds with a recent study by Schmitz and
colleagues who proposed that TRPM6 and
TRPM7 have different substrate specificities
[13]. They report that TRPMó crossphosphorylates TRPM7 but not vice versa.
Several possibilities may explain these
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Figure 6. TRPM6 phosphorylates the COOH
terminus of myosin IIA, IIB and IK heavy chains on
the same residues as TRPM7. For all experiments,
substrates were expressed and purified as GST-fusion
proteins whereas kinases were isolated from HEK293
cells transfected with empty vector (control), HATRPM6-C or HA-TRPM7-C by immunoprecipitation
using anti-HA antibodies. The GST-fusion proteins were
incubated with anti-HA immunocomplexes in presence
of [γ-32Ρ]ΑΤΡ for 30 min at 30oC. Proteins were
separated by SDS-PAGE and visualized by staining the
gel with coomassie brilliant blue (top). Phosphorylated
GST-fusion proteins (middle) and kinases (bottom) were
detected by autoradiography. (A) TRPM6 phospho
rylates the COOH terminus but not other regions of the
coiled-coil domains of myosin IIA, IIB and HC heavy
chains. (B) TRPM6 phosphorylates the same residues in
myosin IIA heavy chain as TRPM7. In this experiment,
the COOH terminus of myosin IIA heavy chain in its
wild-type (WT) form or where ThrlSOO, Seri 803 and
Seri 808 were mutated to alanine (3xA) was used as
substrate. GST was included as a negative control.

apparent discrepancies. Here, we have
examined the phosphorylation of unrelated
exogenous substrates by TRPM6 and TRPM7
whereas Schmitz et al. investigated the level of
cross-phosphorylation of each kinase [13].
However, the kinase domains of TRPM6 and
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Figure 7. Preferential phosphorylation of myosin II
by TRPM7 and eEF-2 by eEF-2 kinase. TRPM7 and
eEF-2 kinase were incubated with GST-myosin IIB and
32
o
eEF-2 in the presence of [γ- Ρ]ΑΤΡ for 30 min at 30 C.
Proteins were separated by SDS-PAGE and visualized
by staining the gel with coomassie brilliant blue
(bottom). Phosphoproteins (top) were detected by
autoradiography. Note that GST is not phosphorylated
by either TRPM7 nor eEF-2 kinase.

TRPM7 heterodimerize [10,13,27,28]. The
close interaction of kinases often leads to
transphosphorylation on sites that are not
entirely conserved with the optimal consensus
sequence [29]. Bringing the proteins together
increases the probability of any site being
phosphorylated by any given kinase. It is
plausible that the TRPM6 and TRPM7 kinases
show slight differences in substrate specificity
which
are
apparent
during
crossphosphorylation but not during phosphoryla
tion of exogenous substrates. Moreover, the
study by Schmitz et al. used a pan phosphothreonine antibody [13] whereas we relied on
32
the incorporation of P into our substrates to
detect phosphorylation. Recently, we have
discovered that TRPM6 and TRPM7 massively
autophosphorylate multiple residues (Chapter
7). The extent of differences in TRPM6 and
TRPM7 cross-phosphorylation is poorly
defined because the antibody may only report a
single site. Notably, both TRPM6 and TRPM7
undergo autophosphorylation pre-dominantly
on serine residues [13,27]. Whether differences
are observed on the efficiency of these
phosphorylation events remains unknown.
Regardless, we clearly demonstrate that
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TRPM6 and TRPM7 share substrate specificity
when phosphorylating exogenous substrates.
α-kinases are highly selective enzymes.
Dictyostelium MHCK phosphorylate peptides
containing a threonine, but not a serine, within
the consensus sequence [30]. Moreover, only a
single substrate has been reported for eEF-2
kinase [31]. Here, we provide further evidence
for the specificity of TRPM6 and TRPM7
kinase reactions. Both TRPM6 and TRPM7 do
not phosphorylate non-relevant substrates such
as GST. Moreover, these kinases exclusively
phosphorylate the COOH terminus of
nonmuscle myosin II isoforms even though
other regions contain numerous threonine and
serine residues. Phosphomapping experiments
by high accuracy mass spectrometry
demonstrated that the multiple phosphorylation
sites within the COOH terminus are
concentrated within short stretches of amino
acids rather than being scattered throughout the
myosin II tail. Notably, the phosphorylation
sites are conserved between the different
myosin II isoforms. Finally, although TRPM6
and TRPM7 share substrates, these kinases are
not capable of phosphorylating the substrate of
another α-kinase such as eEF-2 kinase.
Although eEF-2 kinase shows a clear
preference towards its physiological substrate
eEF-2, we did notice that eEF-2 kinase weakly
phosphorylated nonmuscle myosin II isoforms.
This result suggests that α-kinases do share
some degree of substrate specificity. Notably,
both eEF-2 kinase [32] and TRPM7 (K. Clark
et al, unpublished result) weakly phospho
rylate the MH1 peptide, which is a sequence
derived from Dictyostelium myosin II and used
to assay MHCK activity [33]. Thus, these
distantly related kinases from lower eukaryotes
to mammals show certain substrate overlap.
However, each member of the α-kinase family
preferentially phosphorylates a distinct set of
proteins consistent with their cellular functions.
Although TRPM6 and TRPM7 phospho
rylate all three nonmuscle myosin II isoforms,
clear differences in the level of protein
phosphorylation were observed. Both akinases phosphorylate myosin IIB and IIC 10times more strongly than myosin IIA.
Unexpectedly, these differences were due to
the phosphorylation of the nonhelical tails of

myosin IIB and IIC. We have found that
TRPM6 and TRPM7 also phosphorylate short
peptides that contain little secondary structure
(Ryazanov et al, unpublished results). These
results may be disturbing since α-kinases are
thought to preferentially phosphorylate amino
acids in the context of an α-helix, a
distinguishing feature of this atypical protein
kinase family [2]. However, characterization of
the peptide library demonstrates that TRPM6
and TRPM7 preferentially phosphorylate
peptides with a consensus sequence that adopts
an α-helix structure under specific solvent
conditions. Taking this information into
consideration, an algorithm was designed to
predict TRPM6 and TRPM7 phosphorylation
sites in its substrates (Ryazanov et al,
unpublished results). This algorithm accurately
predicted the phosphorylation of the myosin
IIB and IIC nonhelical tails. Currently, we are
investigating the possibility that the TRPM6
and TRPM7 kinase domains assist in the
shaping of these peptides into α-helices for
subsequent phosphorylation.
Elucidation of the pathways that control
myosin II function is critical to our
understanding of the pathogenesis of human
diseases involving defects in mechanobiology
[34,35]. Based on work in Dictyostelium, we
recently demonstrated that activation of
TRPM7 promotes actomyosin relaxation in
mammalian cells by phosphorylating the
nonmuscle MHCIIA ([15] and Chapter 4). In
this study, we further extend our findings by
showing that TRPM7 phosphorylates the
assembly domain of all three nonmuscle
myosin II isoforms. Interestingly, TRPM7
shares its exogenous substrates with TRPM6.
Our results suggest that TRPM6 and TRPM7
may be general regulators of actomyosin
contractility by controlling the activity of
nonmuscle myosin IIA, IIB and IIC. However,
the cellular context will dictate which myosin
II isoform is regulated by these kinases in
response to extracellular stimuli since the
expression profiles and subcellular localization
of each protein differs. TRPM7 is ubiquitously
expressed in both fetal and adult tissues
whereas TRPM6 is preferentially expressed in
the brain, intestine and kidneys [11]. Myosin
IIA is also ubiquitously expressed but myosin
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IIB and IIC have restricted expression patterns
[19]. Myosin IIB is concentrated in heart and
brain whereas myosin IIC is only switched on
postnataly. Moreover, certain cell types only
express a single myosin II isoform. In
particular, myosin IIA is abundant in the
hematopoeitic system, which is devoid of
myosin IIB and IIC. Interestingly, when all
three myosin II isoforms are co-expressed in a
cell, these myosins have overlapping but
distinct subcellular localizations [20,36,37].
Thus, TRPM6 and TRPM7 may impinge on
cell behavior by phosphorylating all three
nonmuscle myosin II isoforms depending on
biological context. Establishing the cellular
functions dependent on TRPM6 and TRPM7mediated control of cytoskeletal dynamics
remain challenges for future research.
Our phosphomapping experiments provide
further evidence for a role of TRPM6 and
TRPM7 in regulating actomyosin contractility.
TRPM6 and TRPM7 phosphorylate a
conserved stretch of amino acids in the helical
domain of all three isoforms. Interestingly, we
recently demonstrated that this region regulates
the assembly of myosin IIA filaments both in
vitro and in vivo (Chapter 4). In addition to the
coiled-coil domain, TRPM6 and TRPM7
phosphorylate the serine and threonine-rich
nonhelical tails of myosin IIB and IIC. Using a
recently developed method to accurately map
the phosphorylation sites by LC-MS/MS [25],
we found that TRPM6 and TRPM7
phosphorylate multiple sites, including
Seri 937 of myosin IIB, at the N-terminus of
the nonhelical tail. Serl937 is phosphorylated
in vivo by atypical PKCÇ in response to EGF
stimulation [38]. Moreover, phosphorylation of
the nonhelical tail of myosin IIB was
demonstrated to be a critical determinant in
filament assembly and protein localization to
the cortical cytoskeleton [38,39]. These results,
in combination with our recent findings on the
regulation of myosin IIA by TRPM7-mediated
phosphorylation of the helical tail (Chapter 4),
further suggest a role for TRPM6 and TRPM7
in regulating the assembly of myosin IIA, IIB
and IIC filaments. Since both TRPM7 and PKC
are activated by PLC-coupled receptor agonists
which results in the regulation of cell adhesion
[40,41], it will be interesting to investigate the
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synergy and cross-talk between the two
signaling pathways in controlling cytoskeletal
dynamics. Moreover, it will be important to
assess whether a combination of mutations
within the helical and nonhelical tails leads to
greater effects on myosin IIB and IIC behavior.
In conclusion, our investigations demonstrate that TRPM6 and TRPM7 share
exogenous substrates between themselves but
not with distantly related α-kinases such as
eEF-2 kinase. Moreover, we show that TRPM6
and TRPM7 phosphorylate nonmuscle myosin
IIA, IIB and IIC on regions of the heavy chain
that are conserved between the different
myosin II isoforms and that are critical for
regulating filament assembly. Our findings
suggest that TRPM6 and TRPM7 may
coordinate the regulation of actomyosin
cytoskeletal dynamics. Future experiments will
be aimed at further defining the cellular context
where the different myosin II isoforms may be
regulated by TRPM6 and TRPM7 in living
cells.

MATERIALS AND METHODS
Constructs
Wild-type (WT) and kinase-dead (KD) HA-TRPM7-C
(aa 1158-1864) in LZRS-neo as well as human MHCIIA
fragments cloned into pGEX-lN were previously
described ([15] and Chapter 4). HA-TRPM6-C (aa 11352022) was generated by PCR amplification of the cDNA
using primers containing an HA-tag and inserted as a
BamHI-NotI fragment into pcDNA3 For transient
expression of the TRPM7 kinase domain, HA-TRPM7-C
was excised from the LZRS-neo vector using BamHI and
Noti and inserted into pcDNA3. The cloning of eEF-2
kinase into pGEX-2T and of the TRPM7 kinase domain
(aa 1097-1864; TRPM7-cat) in pMAL-p2x were
previously described [27,32]. To generate GST-myosm
IIB and IIC proteins, fragments of the human myosin IIB
and IIC heavy chains (Fig.l) were cloned by RT-PCR
using cDNA generated from HeLa cells and sodium
butyrate-treated THP1 cells, respectively. The PCR
products were inserted into the BamHI-EcoRI sites in
frame with GST in the pGEX-lN vector. All constructs
were venfied by DNA sequencing
Ce// culture
RBL-2H3 and HEK293 cell lines were cultured in
DMEM medium with 10% FCS. Stable cell lines
expressing the various TRPM7 constructs were
generated by retroviral transduction [42]. For transient
protein expression, HEK293 cells were transfected using
lipofectamine (Roche)
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Purification of GST-fusion proteins
GST-myosin II proteins were induced in BL21 DE3 E
Coli by the addition of 200 μΜ IPTG and incubating the
culture at 37°C for 3 h. Bacteria were washed and
subsequently resuspended in ice-cold STE buffer (10
mM Tns pH 8.0, 300 mM NaCl, ImM EDTA and
protease inhibitors). To degrade the cell wall, bacteria
were incubated on ice for 15 min m presence of
lysozyme (100 μg/ml). DTT (5 mM) was added
immediately followed by sarkosyl (1.5 %v/v) to lyse the
bacteria. DNA was sheared by somcation and insoluble
material was removed by centrifiigation. Triton X-100
(2%) and glycerol (10%) were added to the supernatant
and the GST-fusion proteins were isolated by incubating
the supernatant with glutathione-sepharose beads for 2 h
at 4°C. The beads were washed m MyoII lysis buffer and
GST-fusion proteins were eluted in elution buffer (100
mM Tns pH 8.0, 300 mM NaCl, 20 mM reduced
glutathione, 1 mM DTT, 1% Chaps). Protein
concentration was measured using the Bradford assay.
For long-term storage, proteins were frozen in the
presence of 10% glycerol and stored at -80°C.
In vitro kinase assays
Cells expressing HA-TRPM6-C and HA-TRPM7-C
constructs were lysed m RIPA buffer (50 mM Tns pH
7.5, 150 mM NaCl, 1% Tnton X-100, 0.5% sodium
deoxycholate, 0.1% SDS supplemented with protease
inhibitors).
The
kinases
were
isolated
by
immunoprecipitation using anti-HA antibodies (12CA5)
coupled to protem G-sepharose. The unmunocomplexes
were washed and resuspended in IVK buffer (50 mM
HEPES pH 7.0, 4 mM MnCl2, 2 mM DTT) with 2 μ§ of
GST-fusion protem. Subsequently, the kinase reactions
were initiated by adding 0.1 mM ATP in combination
with 5 μ Ο of [γ-32Ρ]ΑΤΡ and allowed to proceed for 30
min at 30°C. Activity of eEF-2K and TRPM7-cat were
assayed as previously described [14,43]. Kinase
reactions were stopped by addmg Laemmli buffer
containing 40 mM EDTA. Samples were boiled,
separated by SDS-PAGE and phosphorylated proteins
were detected by autoradiography. Quantification was
performed by phosphounager analysis.
Phosphoamlno acid analysis
Phosphorylated proteins were separated by SDS-PAGE
and transferred to PVDF Immobilon-P membrane
(Millipore). The portion of membrane containing the
phosphoprotein was mcubated m 6M HCl at 110oC for
1.5 hours, the samples were dried with a Speedvac
evaporator and subsequently, dissolved m water. Non
radioactive phosphosenne, phosphothreomne, and
phosphotyrosine (Sigma) were added to the samples.
Phosphoamino acids were separated by 2D
electrophoresis on thm-layer cellulose plates 10x10 cm
(cellulose on polyester,Aldrich); first dimension was
performed m pH 1.9 electrophoresis buffer containing
0.58 M formic acid and 1.36 M acetic acid at 1000 V for
20 mm, second dimension in pH 3.5 electrophoresis
buffer containing 0.87 M acetic acid, 0.5% (v/v) pyridine
and 0.5 mM EDTA at 1000 V for 8 mm. The TLC plates

were stained with 0.2% ninhydnn in ethanol and
exposed to film.
Mass spectrometry
ID SDS-PAGE gel slices were treated with DTT and
lodoacetamide before incubation with trypsin or GluC
0
overnight at 37 C. All digests were punfied and desalted
using C lg -STAGE tips before analysis by mass
spectrometry [44]. Peptide identification experiments
were performed using a nano HPLC Agilent 1100 nano
flow system connected online to a 7-Tesla linear ion trap
Ion Cyclotron Resonance Fourier Transform (LTQ-FT)
mass spectrometer (Thermo Fisher, Bremen, Germany).
Peptides were separated on a 15 cm 100 μιη ID PicoTip
columns (New Objective, Wobum, USA) packed with 3
μπι Reprosil CI 8 beads (Dr. Maisch GmbH,
Ammerbuch, Germany) using a 90 mm gradient from
10% buffer Β to 40% buffer Β (buffer Β contains 80%
acetonitnle m 0.5% acetic acid) with a flow-rate of 300
nl/min. Peptides eluting from the column tip were
electro-sprayed directly into the mass spectrometer with
a spray voltage of 2.1 kV. Data acquisition with the
LTQ-FT was performed in a data-dependent mode to
automatically switch between MS, MS 2 , and neutralloss-dependent MS 3 aquisition. Briefly, full-scan MS
spectra of intact peptides (m/z 350-2000) with an
automated gain control accumulation target value of 10é
ions were acquired in the Fourier transform ion cyclotron
resonance (FT ICR) cell with a resolution of 50000. The
four most abundant ions were sequentially isolated and
fragmented in the linear ion trap by applying
collisionally mduced dissociation usmg an accumulation
target value of 10000 (capillary temperature, 100°C;
normalized collision energy, 30%). A dynamic exclusion
of ions previously sequenced within 180 s was applied.
All unassigned charge states and smgly charges ions
were excluded from sequencing. A minimum of 50
counts was required for MS2 selection. Data-dependent
neutral loss scanning of phosphoric acid groups was
enabled for each MS 2 spectrum among the three most
intense fragment ions. RAW spectrum files were
converted into a Mascot generic peaklist by DTA
Supercharger (http//msquant sourceforee net). Accurate
parent masses of MS 3 spectra were automatically
generated by DTA Supercharger from the full FT MS
scan. Peptides and proteins were identified using the
Mascot (Matrix Science) search engine version 2.0 to
search a local version of the human International Protem
Index (IPI) database version 3.05 supplemented with the
sequences of GST-myosin II recombinant protems. The
settings for MASCOT searches were 10 ppm tolerance
for the parental peptide and 0.5 Da for fragmentation
spectra, a fixed carbamidomethyl modification for
cysteines, variable modifications for oxidation of
methionine, deamidation for glutamine and asparagine
and phosphorylation for serine, threonine and tyrosme.
Verification and site mapping of phosphorylated
peptides was perfomed usmg the Post Translational
Modification algorithm implemented in MSQuant
(http://msquant.sourceforge.net),
according to the
procedure of Olsen and coworkers [25] for
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phosphopeptides. Mascot search files and raw MS data
files were imported into MSQuant for PTM scoring.
Phosphopeptides were identified with a 99%significance threshold when the sum of the Mascot and
PTM score was higher than 28 [25]. The delta PTM
score, the difference between the highest and second
highest PTM score, was set to be larger than 8.0 to
exclusively
report
peptides
with
a
mapped
phosphorylation site. As a final verification step,
peptides containing phosphorylation sites occurring only
once or twice were verified by manual inspection of the
MS 2 and MS3 spectra.
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SUPPLEMENTAL DATA
Table SI- Phosphopeptides of myosin IIA, IIB and HC detected by LC-MS/MS.
Myosin II
Isoform
A
A
A
A
Β
Β
Β
Β
Β
Β
Β
Β
Β
Β
Β
C
C
C
C
C
C
C
C
C
C
C
C
C

Phosphopeptides

Site position
(full length)

observed
π/ζ

Modifications

SDPQEMEGpTVK
T-1800
650 7651
1Phos
SDPQEMEGTVKpSK
8-1803
758 3258
1Phos
1Phos1Met(ox)
8-1803
766 3197
SDPQEMEGTVKpSK
S-1808
637 8234
1Phos
YKApSITALEAK
1Phos
LQELEGAVKpSK
S-1810
641 3248
LQELEGAVKpSKFK
S-1810
778 9085
1Phos
814 455
1Phos
LQELEGAVKpSKFKATISALEAK
S-1810
FKApTISALEAK
T-1815
629 8251
1Phos
GGPIpSFSSSR
S-1935
537 7354
1Phos
RGGPIpSFSSSR
S-1935
615 7857
1Phos
S-1937
GGPISFpSSSR
537 7344
1Phos
RGGPISFpSSSR
S-1937
615 7863
1Phos
S-1938
1Phos
GGPISFSpSSR
537 7345
RGGPISFSpSSR
S-1938
615 7862
1Phos
QLHLEGApSLELSDDDTESK
S-1952
1083 9947
1Phos
HKMpTIAALESK
654 8228
1Phos
T-1832
MTIAALEpSKLAQAEEQLEQETR
3-1838
862 4145 1Phos1Met(ox)
HKMTIAALEpSK
S-1838
654 8228
1Phos
RGPLpTFTTR
T-1951
564 7816
1Phos
T-1951
486 7317
1Phos
GPLpTFTTR
GPLpTFTpTR
T-1951 T-1954 526 7156
2Phos
GPLpTFTTRpTVR
T-1951 T-1956 704 8285
2Phos
GPLTFpTTR
T-1953
486 7306
1Phos
RGPLTFpTTR
T-1953
564 7831
1Phos
GPLTFTpTR
T-1954
486 7318
1Phos
RGPLTFTpTR
T-1954
564 7815
1Phos
T-1954
495 5974
1Phos
RGPLTFTpTRTVR
GPLTFTpTRpTVR
2Phos
T-1954 T-1956 470 2175

Selecton cnlena mass accuracy < 10 ppm mascoti- PTM score >28 delta PTM > 8 0

96

SUM Mascot
delta
# sequenced
and PTM score PTM score
peptides
1128
147 0
1310
847
2182
1514
39 2
185 5
2013
153 8
1569
1385
212 3
125 8
714
943
123 4
100 5
172 4
152 0
124 1
132 3
142 0
93 2
1115
74 6
74 4
46 8

78 2
318
79 8
10 9
1184
67 3
118
43 3
43 4
35 0
131
119
152
24 0
134
20 4
88
113
42 6
440
27 6
24 7
156
119
12 6
108
95
85

1
36
36
1
48
48
48
2
38
38
20
20
5
5
1
1
2
2
10
10
1
5
8
β

4
4
4
1

Chapter

6

The TRPM7 interactome: a novel protein complex
involved in podosome formation
Kristopher Clark, Edwin Lasonder, Jacqueline Mulder, Adrian Tsang,
Wouter H. Moolenaar, Carl G. Figdor and Frank N. van Leeuwen

Manuscript in preparation

TRPM7 interactome

The TRPM7 interactome: a novel protein complex
involved in podosome formation
Kristopher Clark1, Edwin Lasonder3, Jacqueline Mulder4, Adrian Tsang5, Wouter H.
Moolenaar4, Carl G. Figdor1 and Frank N. van Leeuwen1,2
'Department of Tumor Immunology, laboratory of Pediatric Oncology and 3Centre for Molecular and Biomolecular
Informatics, NCMLS, Radboud University Nijmegen Medical Centre, PO Box 9101, 6500 HB Nijmegen, The Netherlands
4
Division of Cellular Biochemistry and Center for Biomedical Genetics, The Netherlands Cancer Institute, Plesmanlaan
121,1066 CX Amsterdam, The Netherlands
5
Centre for Structural and Functional Genomics, Concordia University, 7141 Sherbrooke Street West, Montréal H4B 1R6
Québec, Canada

TRPM7 is a novel component and regulator
of cell-extracellular matrix adhesions.
Recently, we found that TRPM7 activation
leads to a Ca2+- and kinase-dependent
association with the actomyosin cytoskeleton
and formation of podosomes. To further
define the cytoskeletal complex associated
with TRPM7, a detailed analysis of TRPM7
immunoprecipitations was performed using
tandem mass spectrometry. We demonstrate
that in addition to actin and all three
nonmuscle myosin II isoforms, TRPM7
associates with several proteins involved in
regulating actomyosin contractility, actin
polymerization and cell-matrix adhesions.
Strikingly, many of these proteins are
elements of either the podosome core such as
the Arp2/3 complex and gelsolin or the
podosome ring such as tropomyosin.
Moreover, we further define the molecular
composition and organization of podosomes
by identifying novel components of the ring
structure (pll6 Rip , nonmuscle myosin IIB)
and the actin-dense core (nonmuscle myosin
IIC). In conclusion, our studies demonstrate
that TRPM7 is part of a novel
macromolecular complex involved in the
regulation of cytoskeletal dynamics and cell
adhesion.

INTRODUCTION
TRP channels play a key role in ion
homeostasis and sensory responses to taste,
vision, hearing, touch, temperature and
mechanical force [1,2]. Seminal investigations
on the mechanisms of phototransduction in

Drosophila have demonstrated that TRP
channels operate within macromolecular
complexes (reviewed in [3]). The organization
of TRP channels in large multiprotein
complexes may serve to localize signal
transduction pathways and/or enhance the rate
of signal transmission. In Drosophila
photoreceptors, TRP binds directly to INAD,
which has five PDZ domains and thereby
recruits many signaling proteins such as
rhodopsin, PLC and PKC but also cytoskeletal
proteins like the myosin III motor protein
NINAC [3]. These interactions are critical for
the proper localization of the signalplex within
the rhabdomeres as well as activation and
termination of the photoresponse. Defining the
macromolecular complex was essential to
decipher the molecular mechanisms underlying
phototransduction in the Drosophila eye and
will likely be important in understanding the
function of mammalian TRP channels.
Similar to Drosophila TRP channels, a
number of mammalian ion transport proteins
were shown to associate with the cytoskeleton
(reviewed in [4,5]). This interaction not only
regulates the activity of ion transport proteins
but also allows them to directly influence cell
shape and motility [4]. For instance, the Na+/H+
exchanger NHE1 regulates cell shape, cell
adhesion and migration by controlling the
assembly and organization of the actomyosin
cytoskeleton [6,7]. Interestingly, regulation of
the actomyosin cytoskeleton occurs both via
pathways dependent and independent of ion
transport activity. On the one hand, ion
transport activity is critically linked to deadhesion at the rear of migrating cells [7]. On
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the other hand, NHE1 serves as an anchor for
actin filaments via a direct interaction with
ezrin, radixin and moesin [6]. Mutations in
NHE1 that disrupt ERM binding, without
affecting ion translocation, leads to impaired
organization of focal adhesions and actin stress
fibers as well as an irregular cell shape [6].
Thus, ion transport proteins are also essential
structural proteins for the anchoring of the
actomyosin cytoskeleton [4,8].
While the tethering of pumps, exchangers
and channels to the actomyosin cytoskeleton
has been described [5], little is known about
mammalian TRP channels. Several members
within the TRP superfamily possess ankyrin
repeats suggesting that these channels may
similarly associate with the actomyosin
cytoskeleton, however experimental evidence
for this hypothesis is lacking [9]. Recently, we
discovered that TRPM7 associates with the
actomyosin cytoskeleton to regulate cell
adhesion [10]. TRPM7 localizes in close
proximity to specialized cell-extracellular
matrix (ECM) adhesions known as podosomes
[10], which are found in monocyte-derived
cells such as macrophages, dendritic cells and
osteoclasts as well as invasive tumor cells [11].
Podosomes are macromolecular complexes
consisting of an F-actin dense core surrounded
by a juxtamembrane ring containing cytoskeletal linker proteins at the cytosolic leaflet,
which are connected via integrins to the
extracellular matrix [12,13]. To further
delineate the role of TRPM7 in cytoskeletal
dynamics and podosome formation, we set out
to characterize the actomyosin cytoskeleton
complex interacting with TRPM7.

RESULTS AND DISCUSSION
The TRPM7 interactome
Proteins in complex with TRPM7 were
identified by means of a proteomic approach
(Fig. 1). The TRPM7 complex was purified by
immunoprecipitation and associated proteins
were subsequently resolved by ID SDS-PAGE.
Silver staining of the gels revealed several
proteins that were specifically present in the
TRPM7 fraction (Fig. 2). In addition to
nonmuscle myosin IIA (220 kDa) and ß-actin
(42 kDa), unknown proteins with molecular
100

IP from control N1E-115 and N1E-115/TRPM7
cells using anti-HA antibodies (12CA5)
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Figure 1. Flow chart for proteomic analysis of the
TRPM7 complex.

masses around 15-20 kDa, 30 kDa, 100-125
kDa and 200 kDa were also enriched upon
immunoprecipitation of TRPM7. All proteins
present in the control and TRPM7
immunoprecipitations were identified by nano
liquid
chromatography
tandem
mass
spectrometry (LC-MS/MS) and proteins were
considered enriched when the ratio of peptides
in the TRPM7 fraction to total peptides was
greater than 0.75. This analysis led to the
identification of 298 proteins of which 99 were
specifically enriched in the TRPM7 fraction
(Supplemental Table SI). Proteins were
classified according to the Gene Ontology
annotation for molecular function, cell
component and biological process. Although
proteins associated with TRPM7 had a wide
range of biological functions, a large majority
of proteins were components of the actomyosin
cytoskeleton (Fig. 3). A distribution of GO
terms between the control and TRPM7
fractions shows that proteins involved in the
organization and biogenesis of the actomyosin
cytoskeleton were specifically enriched in
TRPM7 immunoprecipitations (Fig. 3). This
set of proteins includes conventional (myosin
II) and non-conventional myosins (myosins I,
V and VI) as well as proteins regulating actin

TRPM7 interactome

^v

o^

^
^

250
,

β

150

Figure 2. Detection of TRPM7 associated proteins by
silver staining of SDS-PAGE gels. HA-tagged proteins
were isolated by immunoprecipitation using anti-HA
monoclonal antibodies {12CA5) from Ν IE-115 control
and TRPMT-transduced cells. The proteins were
separated by SDS-PAGE on 6% (top gel) and 12%
(bottom gel) gels and subsequently, silver stained.
Proteins, which co-immunoprecipitated with TRPM7,
are indicated.
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Figure 3. GO analysis reveals an enrichment of
cytoskeletal proteins in TRPM7 immunoprecipitations. GO analysis was performed on the set of
proteins present in HA immunoprecipitations from NIEllS/control and N1E-115/TRPM7 cells. Subsequently,
the distribution of GO terms between the group of
proteins enriched in TRPM7 immunoprecipitates and the
contaminants (control) was tested using the web-based
tool FatiGO. Differences in distribution of the reported
GO term for molecular function, cell component and
biological process are statistically significant (p <
0.001).

dynamics such as the Arp2/3 complex, F-actin
capping proteins, tropomyosins, tropomodulins, gelsolin and cofilin (Table 1). Moreover, a
group of structural proteins involved in
regulating cell adhesion and migration,
including a-actinin 4 and plectin, was also
present (Table 1).
The interactions between TRPM7 and the
actomyosin cytoskeleton appear to be highly
specific. First of all, none of these cytoskeletal
proteins were found in significant quantities in
the control sample (Supplemental Table SI).
Moreover, other actin-binding proteins such as
a-actinin 1, cortactin, talin and vinculin, which
are abundantly expressed in these cells and
thus likely contaminants in immunoprecipita
tions, were not detected either by mass
spectrometry (Supplemental Table SI) or
Western blotting (see Fig. 5). Rather, TRPM7
associates with specific members of the aactinin and Slingshot protein families. We
found that only a-actinin 4 and SSH2
(Slingshot-2) and not other members of these
protein families were present in the TRPM7
complex (Table 1).
TRPM7 was originally identified as a novel
interactor of phospholipase C (PLC) whose
activity regulates the gating of TRPM7
channels [14-16]. Using the yeast two-hybrid
system, GST pull-down and co-immunoprecipitation experiments. Runnels and colleagues
reported a direct interaction between TRPM7
and specific PLC isoforms [15]. However, we
failed to detect any enrichment of PLC
isoforms in TRPM7 immunoprecipitations by
LC-MS/MS. The different expression levels of
TRPM7 and PLC isoforms may explain the
discrepancies between the two studies. While
Runnels and coworkers overexpressed both
TRPM7 and PLCß2 transiently in HEK293
cells [15], we introduced exogenous TRPM7
by retroviral transduction leading to a two-fold
increase in expression levels [10] and relied on
endogenous expression levels of PLC, which
are easily detectable by Western blotting of
total cell lysates. The high expression levels
achieved in HEK293 cells leads to an
accumulation of TRPM7 in the biosynthetic
route while the majority of exogenous TRPM7
is localized to the plasma membrane when
expressed by retroviral transduction [10,16].
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Table 1. Cytoskeletal proteins present in the TRPM7 complex
Gene ID

Gene Symbol

Protein name

Synonyms

Molecular motors
17912
17913
71602
17918
17920
17886
77579
71960

Myolb
Myolc
Myole
MyoSA
Myo6
Myti9
MytilO
Myti14

Heavy chain
Myolb protein
Nuclear myosin I beta
Myosin IE
Myosin VA
Myosin VI
Myosin-9
Myosin-10
Myosin-14

17904
67268
67938

My«
2900073G15Rlk
Mylc2b

Light chain
Non-muscle of Myosin light polypeptide 6
myosin light chain, regulatory B-like
myosin regulatory light chain 2, brain

12343
12340
12345
66713
56443
11867
76709
56378
68089
67771
74192
11461
12631
227753
56320
14248
65970
50876
50875
22003
59069

Capza2
Capzal
Capzb
Actr2
Arpcla
Atpclb
Arpc2
Arpc3
Αφθ4
Arpc5
ArpcSI
Actb

326618

Tpm4

F-actin capping protein alpha-2 subunit
F-actin capping protein alpha-1 subunit
Capping protein
Actin-like protein 2
Actin-related protein 2/3 complex subunit IA
Actin-related protein 2/3 complex subunit 1Β
acön related protein 2/3 complex, subunit 2
Actin-related protein 2/3 complex subunit 3
Actin-related protein 2/3 complex subunit 4
Actin-related protein 2/3 complex subunit 5
17 kDa protein
Actin, cytoplasmic 1
similar to Cofilin-1 (Cofilin, non-muscle isoform)
Gelsolin
Splice Isofonn A of Drebnn
Protein flightless-1 homolog
Epithelial protein lost in neoplasm
Tropomodulin-2
Tropomodulin-3
Splice Isoform 1 of Tropomyosin 1 alpha chain
tropomyosin 3, gamma
similar to tropomyosin 3 isoform 2 isofonn 1
Tropomyosin alpha-4 chain

18810
217124
60595
(6480
109620
77569
26936

Pieci
Ppp1r9b
Actn4
Jup
Dsp
3732412D22Rik
AA536749

Scaffold/Structural proteins
Plectin
Neurabin-2
Alpha-actinin-4
Junction plakoglobin
desmoplakin isofonn 1
hypothetical Zn-binding protein, LIM containing protein
Myosin phosphatase Rho-interacting protein

Spinophilin
Actn4
gamma catenin, plakoglobin
Dsp, desmoplakin I
mKIAA1102
p116Rip, Rip3, Rhoip3

237860
19045
217692

Ssh2
Ppplca
Sipalll

Enzymatic activity
Protein phosphatase Slingshot homolog 2
Senne/threonine-protein phosphatase PP1-alpha catalytic subunit
Signal-induced proliferation'associated 1-like protein 1

SSH-2, mSSH-2L
PPP1C
SIPA1I1

myrl, myosin-1b
myr2, Myolc
myr3, Myole
myoSA, MyoVA
Myo6
MYH9, myosin HA, NMHC ll-A
MYHIO, myosin MB, NMHC ll-B
MYH14. myosin IIC, NMHC ll-C
Myosin light polypeptide 6
RLC-B

Actln d y n a m i c s

cm

Gsn
Dbnl
Fliih
Urna f
Tmod2
Tmod3
Tpml
Tpm3

Cappa2
CAPZ,CAZ1, Ceppai
CPbeta1,CPbeta2
Arp2
p41-Arc
p34-Arc
p21-Arc
p20-Arc
p16-Arc
ARC16-2
ß-actin

drebnn 1, drebnn A, dbnl
Fill. Fliih
EPLIN. limai
N-tmod, NTMOD
U-Tmod, UTMOD
alpha-TM
Tpm5, TmSNM, gamma-TM
tropomyosin 4

Other

Proteins located in podosomes are indicated in red.
Proteins linked to cancer progression but not yet associated with podosomes are in italics.

Since PLC has been shown to affect the routing
of TRPC3 from the endoplasmic reticulum to
the plasma membrane [17], the differences
between the studies may reflect differential
association of PLC with distinct populations of
TRPM7 channels. On the other hand, the
affinity of the TRPM7 and PLC interaction
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may be low and may therefore require a higher
concentration
of PLC for
detection.
Intriguingly, Runnels et al. only confirmed the
in vivo interaction between TRPM7 and
PLCß2, an isoform specifically expressed in
the haematopoietic system, because it
displayed the highest affinity in the GST-pull
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down experiments [15]. Finally, we found that
PLCß3 binds non-specifically to the anti-HAproteinG sepharose beads used in our
expenments (supplementary Table SI) and
increasing the expression of TRPM7 and PLC
by transient transfection may alleviate this
problem. Important questions which have yet
to be addressed is whether ubiquitously
expressed PLC isoforms also associate with
TRPM7 in vivo and whether the direct
interaction between PLC and TRPM7 is
essential for the effects of PLC activity on the
gating of TRPM7 channels. Regardless, we
demonstrate here that TRPM7 specifically
associates with a cytoskeletal complex
involved in the dynamic regulation of the
actomyosin cytoskeleton and cell adhesion.
TRPM7 associates with components of
podosomes
TRPM7 is enriched in the podosome ring
where it regulates the assembly of podosomes
at the cell periphery [10]. Strikingly, a
significant number of proteins associated with
TRPM7 are known components of either the
podosome core (ß-actin, F-actin capping
proteins, Arp2/3, gelsolin, cofilin) or ring
(nonmuscle myosin IIA, tropomyosin) [12,13].
These results demonstrate that the TRPM7
complex is involved in the dynamic regulation
of the actomyosin cytoskeleton, which may be
important for podosome biogenesis. Moreover,
other proteins in the TRPM7 complex may
represent novel elements of podosomes.
Actin dynamics
In contrast to focal adhesions, actin dynamics
appears to be especially important for
podosome biogenesis. Hence, several proteins
involved in the regulation of actin (de)polymerization such as the Arp2/3 complex and
gelsolin localize to podosomes but not focal
adhesions [12,13]. Moreover, mutations in
regulators of the Arp2/3 complex including
WASp interfere with podosome formation
[18,19]. Our proteomic analysis of the TRPM7
interactome provides new clues with respect to
the regulation of actin dynamics near
podosomes.
We identified non-conventional myosins in
the TRPM7 complex including several myosin

I isoforms as well as myosin VI. Class I
myosins from lower eukaryotes associate with
regulators of the Arp2/3 complex where they
control F-actin assembly [20-22]. Our results
suggest that mammalian myosin I isoforms
may similarly regulate the polymerization of
actin filaments for podosome assembly and
other structures requiring dynamic actin.
Myosin VI also localizes to dynamic actin
regions including the leading edge of migrating
cells but instead of controlling actin
polymerization, myosin VI propels assembled
actin filaments providing the mechanical force
to extend the plasma membrane away from the
cell body [23]. Podosomes are related to
another cell-ECM adhesion found in invasive
cells called invadopodia [11,12]. Notably,
invadopodia are long-tubular structures, which
penetrate the underlying matrix where focal
degradation of the ECM takes place. Myosin
VI may provide the force to further extend the
invadopodia.
Several proteins involved in capping of
actin filaments such as gelsolin and CapZ are
also present in the TRPM7 complex [24].
Interestingly, we identified two tropomodulin
(2 and 3) isoforms in TRPM7 immunoprecipitates. Tropomodulins associate with tropomyosins at the pointed ends of actin filaments
where they regulate actin (de)polymerization
[25]. While this activity was originally thought
to be associated with the stable actin
cytoskeleton, recent evidence suggests that
tropomodulins are also present in dynamic
actin structures such as the leading edge [26].
The balance in actin assembly and disassembly
in podosomes may be governed by the
concentration of capping proteins for both the
barbed and pointed ends of actin filaments.
Finally, cofilin, which is a key regulator of
podosomes and invadopodia [27], severs actin
filaments providing additional barbed ends for
Arp2/3 -mediated actin nucleation [24]. The
activity of cofilin is regulated by phosphorylation of Ser-3. LIM kinases phosphorylate
cofilin while slingshot dephosphorylates cofilin
[28]. To date, 3 members of the slingshot
family have been cloned in mammalian cells.
Notably, only slingshot-2 (SSH2) localizes to
focal adhesions [29]. Interestingly, TRPM7
selectively associates with SSH2. It will be
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interesting to determine whether SSH2 is the
only member of the slingshot family responsi
ble for controlling cofilin activity near
podosomes.
In conclusion, our results demonstrate that
TRPM7 associates with numerous proteins
involved in actin dynamics that may play an
important role in podosome biogenesis.
Genes differentially expressed during
tumor progression
Podosomes are highly dynamic actin-rich
adhesions that can turnover within minutes
[11,12]. Another highly dynamic actin-rich
structure is the leading edge in migrating cells.
The molecular composition of both structures
is very similar suggesting many parallels in the
regulation of podosomes and the leading edge.
Notably, we identified a group of proteins
found at the leading edge, which is
differentially
expressed
during
tumor
progression but not yet implicated in podosome
biogenesis (Table 1). Moreover, cell biological
experiments have demonstrated a direct role for
these proteins in cell migration. This set of
proteins includes myosin VI [23,30], EPLIN
[31,32], a-actinin 4 [33-35], junction plakoglobin and desmoplakin [36]. Finally,
SIPA1L1 is a member of the SIPA1 family of
GTPase-activating proteins specific for Rap
GTPases. Recent genetic studies have
identified a link between these RapGAPs and
tumor progression [37,38]. It will be interesting
in the future to determine if and how these
genes affect cancer progression by regulating
the formation of podosomes/invadopodia in
tumor cells.

Regulation of actomyosin contractility
around podosomes
Nonmuscle myosin IIA, IIB and HC have
distinct distributions within podosomes
Actomyosin contractility regulates the forma
tion and turnover of cell-ECM adhesions [39].
While an increase in cytoskeletal tension drives
the assembly of focal adhesions [40], podo
some biogenesis requires a local inhibition of
myosin II-based contractility [41]. Therefore,
identifying the mechanisms controlling non104
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Figure 4. TRPM7 associates with nonmuscle myosin
IIA, IIB and HC, which are differentially distributed
within podosomes. (A) Nonmuscle myosin IIA, IIB and
IIC co-immunoprecipitate with TRPM7. HA-tagged
proteins were immunoprecipitated from Ν1E-115 control
and N1E-115/TRPM7 cells. Nonmuscle myosin IIA IIB
and IIC were detected in immunoprecipitates (IP, left)
and total lysates (TL, right) by Western blotting using
isoform specific antibodies. (B) Nonmuscle myosin IIA
and IIB localize to the podosome ring whereas myosin
IIC is present in the podosome core. N1E-115/TRPM7
cells were stimulated with bradykinin and subsequently,
stained for each nonmuscle myosin II isoform (green)
and actin (red).

muscle myosin II function is pivotal to our
understanding of cell adhesion and migration.
Recently, we discovered a novel signaling
pathway regulating actomyosin contractility.
Activation of TRPM7 promotes its association
with nonmuscle myosin IIA in a Ca2+- and
kinase-dependent manner leading to acto
myosin relaxation and formation of podosomes
at the cell periphery [10]. Notably, TRPM7
colocalizes with nonmuscle myosin IIA in the
ring of proteins surrounding the actin-dense
core of podosomes [10]. However, the human
genome encodes three nonmuscle myosin II
isoforms which have distinct cellular functions
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total ly»at«

Klp

Figure 6. pi 16 localizes in the podosome ring. Ν1H115/TRPM7 cells were stimulated with bradykinin and
RP
stained for pi 16 ' (green) and actin (red).

Figure 5. TRPM7 associates with the myosin II
,Up
regulatory scaffold plI6 . Protein complexes were
immunoprecipitated from NIE-115/control and N1E1I5/TRPM7 cells using anti-HA antibodies (I2CA5).
Proteins present in irnmunoprecipitates (IP, left) and
total lysates (TL, right) were detected by Western
blotting.

(reviewed in [42]). In addition to nonmuscle
myosin IIA, mammalian cells
express
nonmuscle myosin ΠΒ and IIC [43]. Our
proteomic analysis demonstrates that TRPM7
associates with nonmuscle myosin IIA, IIB and
IIC (Table 1). These interactions were
confirmed by Western blotting (Fig. 4A)
demonstrating that TRPM7 interacts with a
cytoskeletal complex containing all three
nonmuscle myosin II isoforms in vivo. Since
TRPM7 phosphorylates residues critical to the
assembly of nonmuscle myosin IIA, IIB and
IIC (Chapters 4 and 5), our results suggest that
TRPM7 may be a general regulator of
actomyosin contractility required for the
assembly and turnover of cell-ECM adhesions.
Since the different nonmuscle myosin II
isoforms have overlapping but distinct
subcellular localizations [44-46], we further
characterized the distribution of nonmuscle
myosin IIA, IIB and IIC in N1E-115/TRPM7
cells. Although all three nonmuscle myosin II
isoforms localized to podosomes, clear
differences
were observed
(Fig. 4B).
Nonmuscle myosin IIA and IIB are present in
the podosome ring where several proteins
involved in the regulation of myosin II-based
contractility are located [12,13]. In contrast,
nonmuscle myosin IIC is present in the actindense core. Interestingly, this is the region
where the machinery for rapid actin

(de)polymerization is positioned [12,13],
suggesting that nonmuscle myosin IIC may be
linked to actin dynamics. Consistent with this
hypothesis, we observed nonmuscle myosin
IIC in other actin dynamic structures such as
lamellipodia, which are devoid of nonmuscle
myosin IIA and IIB (data not shown). These
findings suggest that nonmuscle myosin IIA,
IIB and IIC are involved in regulating cell
adhesion but that on the basis of the different
distribution within podosomes, these myosin II
isoforms likely play distinct roles.
ρ11(Ρ'ρ is a novel component of
podosomes
In addition to myosin II motor proteins, we
identified other regulators of actomyosin
contractility in the TRPM7 complex.
Interestingly, we found the actin/myosin
scaffold protein p l l 6 , which similar to
TRPM7, contributes to stimulus-induced
relaxation of the actomyosin cytoskeleton [42].
The interaction between TRPM7 and pll6 R i p
was confirmed by Western blotting (Fig. 5).
Moreover, this interaction is highly specific
since other abundant actin-binding proteins
such as a-actinin 1, cortactin, talin and vinculin
were not detected in TRPM7 immunoprecipitations (Fig. 5). Given the localization of
myosin II isoforms and its regulators to
podosomes, we subsequently examined the
distribution of pll6 R i p in podosomes. Confocal
microscopy revealed that pll6 R i p is indeed
present in the podosome ring along with RhoA,
TRPM7 and nonmuscle myosin IIA and IIB
(Fig. 6) [10,47].
Classically, activation of myosin II occurs
in response to myosin light chain (MLC)
phosphorylation downstream of the RhoAROCK signalling pathway (reviewed in [48]).
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Figure 7. Regulation of actomyosin contractility in
mammalian cells. Integrin activation increases
cytoskeletal tension via the RhoA-ROCK pathway.
Myosin II activity is kept in balance by pathways that
promote actomyosin relaxation. TRPM7 and pi 16R,p are
present in a protein complex that can inhibit myosin II
activity at multiple levels: 1) pll6 R l p stimulates the
GTPase activity of RhoA, 2) pi 16Rjp recruits the myosin
light chain (MLC) phosphatase to the actomyosin
cytoskeleton and 3) TRPM7 phosphorylates the myosin
II heavy chain (MHC). These signalling pathways
promote the formation of podosomes.

An increase in MLC phosphorylation is the
combined effect of direct phosphorylation by
kinases as well as inhibition of the MLC
phosphatase. The scaffold protein pll6 Rip
interferes with myosin II activation via two
mechanisms (Fig. 7): 1) pi 16Rlp associates with
the actomyosin cytoskeleton where it recruits
and activates the MLC phosphatase complex
[49,50] and 2) pll6 Rip possesses RhoGAP
activity which downregulates RhoA-GTP
levels at the head of the signalling cascade
preventing the activation of ROCK [51]. In
combination with the phosphorylation of
myosin II heavy chain by TRPM7, which leads
to filament disassembly (Chapters 2 and 4), our
data indicate that a network of proteins
affecting actomyosin contractility via multiple
mechanisms is present in the podosome ring.
Interestingly, only proteins involved in
releasing cytoskeletal tension including
TRPM7, pilo*" and pl90RhoGAP have been
observed within podosomes, which further
strengthens the notion that podosomes arise in
response to inhibition of myosin II-based
contractility [10,12,41].
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Characterization of the molecular composition
of protein complexes surrounding TRP
channels is pivotal to understand the complex
biology of this protein superfamily. In this
investigation, we defined the protein complex
associated with TRPM7 channels using a
proteomic approach. Our results demonstrate
that TRPM7 is a component of a novel
macromolecular complex involved in the
dynamic regulation of the actomyosin
cytoskeleton and cell adhesion. Proteins that
regulate actin (de)polymerization, actomyosin
contractility and cell-ECM adhesions were
detected in the TRPM7 interactome. Since
many of these proteins are established
components of podosomes, other proteins may
represent novel elements of these cell-ECM
adhesions. Indeed, we identified a network of
proteins affecting actomyosin contractility in
podosome rings including TRPM7, nonmuscle
myosin II motor proteins and pll6 Rip . Future
experiments will be aimed at understanding the
role of TRPM7 protein assemblies in
promoting
actomyosin
relaxation
and
podosome biogenesis. Given that podosomes
are a feature of invasive cancer cells, it will be
of particular interest to examine the function of
proteins linked to cell invasion and tumor
progression that have not yet been associated
with podosomes.

MATERIALS AND METHODS
Constructs and cell lines
Full length TRPM7 cDNA cloned into LZRS-neo was
previously described [10]. The recombinant protein
contains an HA-tag at the C-termmus. Mouse NIE-115
neuroblastoma cells were cultured in DMEM
supplemented with 10% FCS. Stable N1E-115 cells
expressing the TRPM7-HA construct were generated by
retroviral transduction [52]. N1E-115 cells transduced
with the empty vector served as a control for all
experiments Cells were selected by the addition of 0.8
mg/ml G418 to the media and the selection was
complete within 7 days.
Immunoprecipltatlon
N1E-115 control and TR?M7-transduced cells were
washed twice in ice-cold PBS and subsequently, lysed
on ice for 30 mm in MyoII lysis buffer (50 mM Tns pH
7.5, 300 mM NaCl, 1.5 mM MgCb, 0 2 mM EDTA, 0.5
mM DTT, 1% Tnton X-100 and protease inhibitors).
The lysate was cleared by centnfugation for 10 mm at
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16000g. HA-tagged proteins were immunoprecipitated
by incubating the supernatant with proteinG-sepharose
beads that were blocked with 0.5 %w/v BSA and
precoupled with 12CA5 antibodies. The samples were
0
incubated on an end-over-end rotor for 3 h at 4 C.
Subsequently, the immunocomplexes were washed m
MyoII lysis buffer and solublized in Laemmli buffer
Mass spectrometry
Nano LC-MS/MS measurements
Proteins were separated by SDS-PAGE on 6% and 12%
Polyacrylamide gels and subsequently, detected by silver
staining. Gels were sliced into pieces and digested with
trypsin overnight at 37°C. Peptide mass spectrometric
expenments were performed using a nano-HPLC
Agilent 1100 system connected to a 7-Tesla linear
quadrupole ion trap-Ion Cyclotron Resonance Fourier
transform (LTQ-FT) mass spectrometer (Thermo
Fisher) Peptides were separated on 15 cm 100 μιη ID
PicoTip (New Objective) columns packed with 3 μιη
Reprosil CIS beads (Dr. Maisch GmbH) using a 45 mm
gradient from 10% buffer Β to 35% buffer Β (80%
acetonitrile in 0.5% acetic acid). Peptides eluting from
the column tip were electrosprayed directly into the mass
spectrometer with a spray voltage of 2.1 kV. Peptide
selection and fragmentation was set by the Xcalibur 1.4
data acquisition software (Thermo Electron). The mass
spectrometer was operated m the data-dependent mode
to sequence the four most intense ions per duty cycle.
Briefly, full-scan MS spectra of intact peptides (m/z
350-1500) with an automated gain control accumulation
target value of 106 ions were acquired in the Fourier
transform ion cyclotron resonance (FT ICR) cell with a
resolution of 50000. The four most abundant ions were
sequentially isolated and fragmented in the linear ion
trap by applymg colhsionally induced dissociation using
an accumulation target value of 20000 (capillary
temperature, 150oC; normalized collision energy, 30%).
A dynamic exclusion of ions previously sequenced
within 180 s was applied. All unassigned charge states
were excluded from sequencing. A minimum of 500
counts was required for MS 2 selection. RAW spectrum
files were converted into a Mascot generic peaklist using
DTA Supercharger (http://msquant.sourceforge.net).
Peptide identification by MASCOT database
searches
Proteins were identified by searching peak lists
containing fragmentation spectra with Mascot version
2.1 (Matrix Science) agamst an in-house mouse
International Protein Index (ΓΡΙ) database version 3.16
supplemented with the sequences of known external
contaminants such as human keratins (68291 entries). A
reversed protein sequence database of the mouse LPI
database was also installed locally and searched to
determine the false-positive
rate
of protein
identifications. Mascot search parameters for protein
identification specified an initial mass tolerance of 20
ppm for the parental peptide and 0.8 Da for
fragmentation spectra and a trypsin enzyme specificity
allowing up to 3 miscleaved sites. Carbamidomethy-

lation of cysteines was specified as a fixed modification,
oxidation of methionines, deamidation of glutamine or
asparagine and protein N-acetylation were set as variable
modifications. Internal mass calibration of measured
ions was performed simualtenously with parsing Mascot
search result html files using MSQuant open-source
software (www.nisquant.sourceforee.net) into text files.
A final absolute mass tolerance for the parental peptide
was determined at 6 ppm. Only multiple charged
peptides with precursor masses larger than 350 were
considered in the subsequent validation analysis. A
minimal Mascot peptide score was set at 24. Reverse
database
searches
revealed
no
false-positive
identifications for proteins identified by 2 or more nonredundant peptides. More stringent criteria were required
to identify proteins sequenced by one peptide with high
confidence. A false-positive rate of 1.0 % was obtained
for proteins identified by 1 unmodified peptide with a
peptide cut-off score of 40, and a Mascot peptide delta
score of 10. A total of 6267 validated peptides with an
average absolute mass accuracy of 1.71 ppm
(Supplemental Data) were sequenced in this study that
led to the identification of 298 non-redundant mouse
proteins (Supplemental Data).
Functional annotation of identified proteins
Validated peptides of all samples combined were
remapped to mouse IPI database version 3.16 to remove
protein redundancy between different samples using an
in-house Perl script. Priority of redundant IPI entnes was
given to Swiss prot, TREMBL, and REFSEQ entnes
respectively for maximising Gene Ontology (GO)
annotation of identified proteins. External contaminating
proteins (keratins, trypsin) were excluded for further
analysis. Entrez gene identifiers were obtained using the
Gene
Conversion
ID
tool
of
DAVID
(1ιΚρ:/Αΐ3νίά.3^ο,ηα^!ΓΓ.ΕονΛ. Proteins were divided
into two categones: 1) proteins enriched m TRPM7
immunoprecipitations and 2) contaminants, which were
found in both TRPM7 and control samples Enrichment
of each protein was determined according to the
formula: number of peptides m TRPM7 sample/ total
number of peptides > 0.75. All proteins with a ratio less
than 0.75 were considered contammants. This cutoff is
based on results with ß-actin that had a ratio of 0.77 but
was confirmed to be enriched in TRPM7
immunoprecipitations by Western blotting [10]. The
distribution of GO terms between the two groups of
proteins was tested using the web-based tool FatiGO
(http://babelomics.bioinfo.cipf.es). Statistical significance was determined using the Fisher exact test. All thepvalues are adjusted by False Discovery Rate (FDR)
approach Differences were considered significant if
p<0.05.
Western blotting
Proteins were separated by SDS-PAGE and transferred
to nitrocellulose. Subsequently, proteins were detected
by immunoblotting using anti-myosin HA (1:1000;
Sigma), anti-myosin IIB (1:1000; Sigma), anti-myosin
IIC (1:1000; kind gift from Dr. Adelstem), anti-pll6 R,p
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(raised against N-terminus; aa 1-382; 1:2000, [49]), anticortactin (1:500; [53]), anti-a-actinin (1:1000; Sigma),
anti-talin (1:500; Sigma) and anti-vmculin (1.2000;
Sigma) antibodies followed by HRP-conjugated
secondary antibodies (1:5000; Dako). Antibody-reactive
bands were visualized by treating the blots with ECL
(Amersham) followed by autoradiography.
Microscopy
N1E-115/TRPM7 cells seeded on glass coverslips, were
serum starved (0.1% FCS) overnight prior to stimulation
with 10 nM bradykinin for 30 mm. Cells were stamed as
previously described [10]. Antibodies used for
immunofluoresence were anti-myosin IIA (1:100; BTI),
anti-myosin IIB (1100), anti-myosin IIC (1:100), antiRjp
pi 16
(1:200) and alexa488-conjugated secondary
antibodies (11000; Molecular Probes). F-actin was
detected using texas-red phalloidin (1:250; Molecular
Probes). Cells were viewed using a Leica-DMRA
microscope with a 63X, 1.32 NA oil immersion lens.
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SUPPLEMENTAL DATA
Table SI- Proteins identified in control and TRPM7 immunoprecipitations by LC-MS/MS
AcCTMton No
IPI001181201 Uyosin-SA
IPI0O4539M 1 Splice Isofomi 1 of Myo9in-14
ΙΡΙ0040β2151 MyolbprolsMn
IPI00620222 1 Nuclear myosin I bota
IPIOO459570 1 tropomyosin 3. gamma
ΙΡΙ004Θ9713 4 hypothetical Zn-blndlng protein. LIM containing protein
IPI00135475 2 Splice Isofonn A of Drebrln
ΙΡΙ003β1239 3 Plectne
IPI00112339 1 Epithelial protein lost in neoplasm
IPI00130158 2 lmportln-9
ΙΡΙ0066β95β 1 similar to desmoplakln Isofomi I isofomi 3
IPI00380444 1 Pol protein
IPI00111265 2 F-ectln cepplng protein alpha-2 subunit
IPI00138338 3 actjn related protein 2/3 complex, subunit 2
ΙΡΙ0033064Θ 4 myosin IE
IPI00230730 3 Hislona H3 2
IPI00312024 6 Transient receptor potanüal cation channel subfamily M member 7
IPI001188991 Alpha-actmirM
IPI00421223 2 Tropomyosin alpha-4 chain
IPI00623496 2 myosin VI
IPI00123316 1 Splice Isofomi 1 of Tropomyosin 1 alpha chain
IPI00125348 2 Splice Isoform 1 of Myosin phosphatase Rho-intaracting protein
ΙΡΙ0Ο223βΟ5 4 Splice Isoforrn 1 of Protein phosphetase Slingshot homolog 2
IPI001770381 Actln-llke protein 2
IPI00623546 2 kinase DHnleractmg substance of 220 kDaraofomi11
IPI00119478 1 Tropomodulln-3
IPI00399943 2 Acdn-related protein 2/3 compte« subunit 5
IPI00138691 5 Actm-ralaled proten 2/3 compiei subunit 4
ΙΡΙ00453βββ 1 S p i n Isofomi 1 of Signal-induced proiferabon-assodated 1-like protein 1
IPI00124829 4 AcUn-related protein 2/3 complex subunit 3
IPI00330063 2 F-acbn capping protein alpha-1 subunit
IPI00420363 2 Probable ATP-dependent RNA helicase OCXS
IPI00420651 3 Splice Isofomi 1 of Neunïbm-2
IPI00122413 2 SOS nbosomel protesi L9
IPI0022947S 1 Junction plekoglobin
IPI003116S4 4 Sarcoplasmic/endoplasmic reticulum calaum ATPase 1
IPI00409405 2 svnlar lo CoflUn-l (CofVin non-musde isofbrm) isofbrm 1
ΙΡΙ004β29ΐ4 2 KH-type spMng regulatory protein
IPI00464112 2 Leudne zipper transcriptionregulator2
IPI00623247 1 Acbrwelated protein 2/3 complex subunit 1Β
IPI006232M 1 Splang factor 3B subunit 1
IPI002301334
Hlstone H1 5
IPI001271314 AT rich Interactive domain 1A
IPI00111117 2 weakly similar to ARP2/3 COMPLEX 16 kDa SUBUNIT
IPI00118286 1 14-3-3 protein sigma
IPI00120046 1 Splice Isofomi 1 of 5'-3' exonbonuclease 2
IPI001224214 BOSribosomalprotein L27
IPI00122549 1 Splica Isofomi Pt-VDAC1 of Voltage-dependent anlon-selecllve channel protein 1
IPI001369B41 40Sribosomalprotein S7
IPI00154012 1 Spike Isoforrn 1 of Ubiquitn carboxyl-terminal hydrolase 15
IPI0O2214O2 6 Fiudose-blsphosphate aldolase A
IPI00229915 4
Tlopomodulln-2
IPI00230351 1 Succinate dehydrogenase [ubiquinone]flavoproteinsubunit, mitochondrial precuraor
IPI00230435 1 Splice Isofomi C2 of Lamln-A/C
IPI00321718 4 Prohlbltln-2
IPI00321802 4 Taxi (human T-cell leukemia vims type I) binding protein 1
IPI00322562 4 40Sribosomalprotein S14
IPI00323624 1 Complement C3 precursor (Fragment)
IPI00331444 6 lmporljn-7
ΙΡΙ004β8203 2
AnneilnA2
IPI00469260 3 116 kDa US small nudearribonudaoprolaincomponent
IPI00474756 1 similar to Iropomyosln 3 Isofonn 2 Isoforrn 1
IPI00626620 1 MKIAA0079 protein (Fragment)
IPI00127764 1 Pericenlilolarmatenal-1
IPI0OE25696 3 similar toribosomalprotein S27a
IPI00117167 2 Gelsdm precursor
IPI00120783 3 Andent conserved domain protein 4
IPI00123862 1 Splice Isofomi Gamma-1 of Serlna/ttireonm^protein phosphatase PP1-gamma catalytic subunit
IPI001279871 Actin-related protein 2/3 complex subunn 1A
ΙΡΙ0012β522 1 Splice Isoforrn A of Heet-shock protein beta-1
IPI00128904 1 Poly(rC)-blrdlng protem 1
IPI00132659 1 RWD domaiivcontalnlng protein 1
IPI001327051 myosinregulatorylight chain 2, brain
IPI00172264 1 Mdmla protein
IPI00272033 2 Historie H2A type 2-C
IPI00308607 1 F-box only protein 30
IPI003121283 Splice Isofomi 1 of Transcription intermediery faeton -bela
IPI00349401 3 sptang factor 3b subunit 2
IPI00406960 2 Envelope protem
IPI0O420814 2 Retrovns-related pol potyprotam homolog
IPI00471256 2 Interferon-induable double stranded RNA-dependenl protem kinase activator A
IPI0O475248 1 Argonaute 2 protein (Fragment)
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USL·.
ΙΡΙ005549β91
ΙΡΙ00659866 1
ΙΡΙ00169β16 9
ΙΡ100227β34 6
ΙΡ10038Ο280 2
ΙΡ100467104 2
ΙΡ100625932 1
ΙΡΙ00515398 1
ΙΡΙ001231812
Ι PI 00354619 3
ΙΡΙ002694β1 5
ΙΡΙ00109044 8
ΙΡΙΟΟΘ71β09 1
ΙΡΙ00127172 3
ΙΡΙ0Ο1Ο7952 2
ΙΡΙ00110850 1
ΙΡΙ0Ο4Ο7339 6
ΙΡΙ00669822 1
ΙΡΙ00387216 1
ΙΡ10Ο4Ο8353 1
ΙΡΙ00109910 4
ΙΡ1002299β71
ΙΡ100316740 3
ΙΡΙ00131224 1
ΙΡΙ00123007 1
ΙΡ100555113 1
1Ρ1001131341
ΙΡ100129526 1
ΙΡΙ0Ο1235Ο1 3
ΙΡ100123494 3
ΙΡ100170040 1
Ι PI 003468341
ΙΡΙ00264652 3
ΙΡΙ00β5379β 1
ΙΡΙ00130591 2
ΙΡΙ00627000 1
ΙΡΙ0045β583 2
ΙΡΙ00323357 3
ΙΡΙ001132416
ΙΡΙ00420949 2
ΙΡΙ00221463 2
ΙΡΙ00267295 5
ΙΡΙ00321739 1
ΙΡΙ001217β8 1
IR00133550 1
ΙΡΙ002299θβ1
ΙΡΙ003394ββ 3
ΙΡΙ00124287 1
ΙΡΙ00352901 2
ΙΡΙ00230035 6
ΙΡΙ00319992 1
ΙΡΙ0Ο462148 2
ΙΡΙ00133903 1
ΙΡΙ004Θ9114 4
ΙΡΙ0Ο1311771
Ι PI00131695 3
Ι PI003112031
ΙΡΙ001377351
ΙΡΙ00605729 1
ΙΡΙ00139795 2
ΙΡΙ00353099 1
ΙΡ100380130 2
ΙΡΙ00137939 1
ΙΡΙ00139780 1
ΙΡ100222546 4
ΙΡΙ00230660 4
ΙΡΙ00323130 3
ΙΡΙ00323806 4
ΙΡΙ00125662 2
ΙΡΙ00111495 6
ΙΡΙ001170831
ΙΡ1001176871
ΙΡΙ00125521 2
ΙΡ100131357β
ΙΡ100331461 3
ΙΡ100377441 2
ΙΡ10037β0β2 4
ΙΡΙ00β21272 2
ΙΡΙ0040494β1
ΙΡ100110672 3
ΙΡΙ00117352 1
ΙΡΙ00316491 3
ΙΡΙ00322749 3
ΙΡΙ003310ββ 1
ΙΡΙ00377298 1
ΙΡ100461456 1
ΙΡΙ00555045 1
ΙΡ100222355 1

Pratolnnine
PeptKtyHxoiy ds-trans tsomerase A
sanitär to IgE-bnding protein
Clathnn heavy chain
inter-alpha trypsin Inhibitor, heavy chain 2
carbamoy-phosphale synthetase 2. aspartate transcarbamytase, and dihydroorotase
Proteinflightless-1homolog
215 kDa protein
Myo3)n-10
MyDSin-9
Myte protein
Capping protein
myosin light chain regulatory B-like
similar to heterogeneous nuclear rlbonudeoprotein U
ATP-dependent RNA hellcase DDX1

lysozyme
Adln, cytoplesmic 1
HistoneH4
shnllar to IgE-Wndlng protein
Splice Isoform 1 of Cullin-2
28 kDa protein
Immunoglobulin heavy chain
Eukaryrtic translation initiation factor 2C 3
damage speafic DNA binding protein 1
Transcription elongation factor Β Polypeptide 2
60S rlbosomal protein LSI
60S rlbosomal proten LIB
Superkdler vlrelddlc activity 2-Jike 2
Endoplasmln precursor
Splice Isoform 1 of Heterogeneous nuclear nbonudeoprolein U-IIke protein 1
26S proteasome non-ATPaseregulatorysubunit 2
PRP39 pre-mRNA processing factor 39 homolog
similar to Kerstin 2p
TAF15 RNA polymerase II, TATA box binding protein
hypothetical Prollne-nch region proMe containing protein
Splice Isoform 3 of Interteukln enhancer-bviding factor 3
AU024582 protein (Fragment)
heterogeneous nuclear nbonucleoproteln U
Heat shock cognate 71 kDa protein
40S nbosomal protei S19
regulator of nonsense transcnpts 1
Historie H2A type 3
26S proteasome non-ATPaseregulatorysubunit 1
Α-kinase anchor protem 8
Peroxlredojdn-1
H/ACA nbonucleoproteln complex subunrt 2
Eiike/yota translation Initiation factor 2C 2
Splice Isoform 1 of ATP-dependent RNA heHcase A
Polyadenylate-bindng protein 1
similar to Ig kappa chain V-IV region precursor
ATP-dependent RNA helicaae DDX3X
78 kDa gkicose-regulated protein precursor
tnnudeotlde repeat containing 6
Stress-70 protein, mitochondrial precursor
Hemoglobin alpha subunit
Leucine zlpper-EF-hand containing transmembrane protein 1, mrtochondnal precursor
Serum albumin precursor
l-phosphatldylinositoM.S-blsphosphate phosphodiesterase beta 3
40S nbosomal protein S25
Hypothetical protein
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60S nbosomal protein L12
nbosomal prolein S2
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60S rlbosomal protein L23
60S nbosomal protein L22
40S rlbosomal protein S 15a
Transaipbon elongation factor Β potypeptide 1
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Pre-mRNA branch site protein p14
40S rlbosomal protem S5
40S rlbosomal protein S23
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Hemoglobin beta-2 subunit
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80S nbosomal protein L21
hypothetical Homeobox domain containing protein
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A c e — I o n No.
IPI00229989 1
IPI003471102
IPI001170631
IPI00606550 1
IPI00664936 1
IPI00129417 1
IPI00670129 1
IPI00226311 2
IPI00404707 1
IPI00471443 1
IPI00117288 3
IPI00269662 1
IPI00317740 4
IPI00114642 3
IP1001146671
IPI00313222 4
IPI00311236 1
ΙΡΙ00457Θ27 3
IPI00124637 2
ΙΡΙ0046066β2
IPI00230086 2
IPIOO742310 1
IPI00420726 2
IPI00467045 2
ΙΡΙ00622Θ47 1
IPI00134599 1
IPI00133920 2
IPI00130391 1
IPIM112448 1
IPI00113655 1
IPI001259014
IPI00225634 6
IPI00626628 1
IPI00229080 5
IPI00222515 4
IPI001098131
IPI00314950 2
IPI00331345 4
IPI00337947 9
IPI00553777 2
IPI00106271 1
IPI00113262 1
IPI00626390 1
IPI00121736 1
IPI00126010 5
IPI00132462 1
IPI00403509 4
IPI0O420694 3
IPI001356401
ΙΡΙ0031Θ965 3
IPI00125971 1
IPI001080851
IPI00270326 1
IPI0O1217581
IPI001303431
ΙΡΙ00307Θ37 4
IPI001537431
IPI0O319994 5
IPI00119114 2
IPI001192241
ΙΡΙ001331Θ5 2
IPI00222549 5
IPI00130013 1
ΙΡΙ0031β550 5
IPI00354363 3
IPI00317590 3
ΙΡΙ006635Θ7 1
IPI00122350 3
IPI00226073 1
IPI001309201
ΙΡΙ00466β20 3
IPI00323477 4
IPI00466120 1
IPI00130147 2
ΙΡΙ0013391Θ2
IPI00406492 1
IPI00469219 2
IPI001343001
IPI00331092 6
ΙΡΙ005567Θ0 1
ΙΡΙ0012604β1
IPI00108895 1
IPI004O5114 1
ΙΡΙ001377Θ7 2
ΙΡΙ00170008 1
IPI003310241
IP100129145 1
ΙΡΙ002263Θ7 2

Eukaryobc translation initiation factor 2C 1
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RNA-bndmg protein FUS
Ig gamma-2B chain Cregion,membrane-bound form
simdar to Ig keppa Cham V-V region MPC11 preajreor isoform 8
JKTBP
Plenn-mimicking antHdiotope heavy chain variable region (Fragment)
trinucleotide repeat conlaming 6b isoform 1
Splice Isoform 1 of RNA-Wnding protein 14
EukaryotK translation initiation factor 3 subunrt 1
Heterogeneous nudear nbonudeoprolein A/B
Splice Isoform 2 of Heterogeneous nudear nbonudeoprotein A3
Guanine nudeoMe-blnding proleln bela subunrt 2-like 1
Hlstone H2B F
26S proteasome non-ATPase regulatory eubunit 7
60S nbosomal protein L6
60S rlbosomal protein L7
similar to heterogeneous nudear nbonudeoprotein H3 Isoform a isoform 1
Protein predicted by done 23882 homolog
SWI/SNF related, matnx assodated. adln dependent regulator of chromatin subfamily a. member 4
Splice Isoform 2 of Heterogeneous nudear nbonudeoprotein DO
RNA-Wndlng protein EWS
40S nbosomal protein S9
MKIAA0126 protein (Fragment)
Heterogeneous nuclear rlbonudeoprotein A2/B1/B0
40S nbosomal protein S3
SEC13-relaled protein
Trypslnogen 16
40S nbosomel protein S10
40S nbosomal protein S6
40S rlbosomal protein S13
nbosomal protein S12
nbosomal proton L27a
heat shock proten 1 beta
26S proteasome non-ATPaseregulatorysubunrt 11
Heterogeneous nudearrtbonudeoproteinA0 (hnRNP A0) homolog
60S addle rlbosomal protein P0
40S rlbosomal protem S3a
Innudeotde repeat conlfllnlng 6C
heterogeneous nudeer nbonudeoprotein Al
ELAV-IIke protein 1
26S proteasome non-ATPase reguletory subunrt 14
40S nbosomal protem S16
Programmed cel death protem 6
Rpsa protein
Nudeolysin TIA-1
proteesome (prosome, macropain) 26S subunK, non-ATPase, 8
RIKEN eONA 2410127E18
26S proteaseregulatorysubunrt 8
26S proteasome non-ATPaseregulatorysubunrt 6
26S protease regulatory subunrt S10B
Nudeolysin TIAR
PROTEASOME (PROSOME, MACROPAIN) 26S SUBUNIT ATPASE 2
TAR DNA-blndlng protein 43
Splice Isoform C2 of Heterogeneous nudear nbonudeoprotelns C1/C2
Elongation factor 1-alpha 1
Splice Isoform 2 of Splicing factor argmlne/serlne-rlch 7
L-ladate dehydrogenase A chain
Acyl-CoA dehydrogenase, long-chain specific, mrtochondnal precureor
Small nudear nbonudeoprotein Sm 03
60S rlbosomal protein L14
60S nbosomal protein L30
TFG protein
Intetleukln enhancer-binding factor 2
similar to 60S nbosomal protein L7a
40S nbosomel protein 518
RNA Unding motif protem X chromosome retrogene
UI smal nuclear nbonudeoprotein A
RIBONUCLEOPROTEIN F homolog
Mkrotubule-assoaated protein IB
40S rlbosomal protein S8
Splice Isoform 1 of WD-repeat protein 51A
ElavM protem
Spliai Isofomi 2 of RNA-hnding protein Raly
Heterogeneous nudear ilbonudeoprotein HI
Splice Isofonn 1 of DAZ-assooated protein 1
GTP-bmdlng protem era homolog
Lupus La protein homolog
40S nbosomal protem S4. X isofomi
TRNA selenocystelne associated protein
26S proteasome non-ATPaseregulatorysubunrt 13
265 proteaseregulatorysubunrt 6B
proteasome (prosome, mecropem) 26S subunrt. ATPase 3
60S nbosomal protein LS
U2 smaH nudear nbonudeoprotein A'
mab-21-Bke 2
Splice Isoform A of SWI/SNF-refated. matnx-assoaatBd. actmdependentregulatorof chromatin subfamily Β
Hypothetical phosphoglycerate mutase family containing protein
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ΙΡΙ0012671β 1
IPI00126892 2
IPI00182790 1
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ΙΡΙ00113377 1
ΙΡΙ00114941 1
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ΙΡΙ003440ββ 4
ΙΡΙ001β7270 7
ΙΡΙ00381019 1

Sptœ Isofotrn 1 of Mitochondrial 28S nboumal protein S29
40S nbosomal prolan S11
Zinc-finger protein ubHM
Mitochondrial rlbosomal protan S23
Actin-like protein SA
SenneAhrBonin»?roteln phosphatase 4 catalytic suburat
Splice Isoform 1 of H/ACA rlbonudeoproleln complex subunit 1
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U1 small nudear rlbonudeoprotefn C
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Splice Isoform PBX3a of Pre-B<ell leukemia transcription factor 3
285 rlboeomal protein Sie mitochondrial precursor
Protein mago nashi homolog 1-related
CardtolroptiJn-fcke cytokine factor 1 pracureor
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285 nbosomel protein S9 mitochondrial precursor
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avnlar to 40S nbosomal protein S2 Isoform 1
Une Unger protein 162
hypothetical BTB/POZ domain and hypothetical Kelch repeat containing protein
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Splice Isoform 2 of SWI/SNF-related matrix aasoaated adirHlependent regulator of chromatin subfamily Cmemb
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The number of peptides for each protein identified in TRPM7 and control immunoprecipitations is presented The ratio was determined by dividing
the number of peptides in the TRPM7 sample by the total number of peptides
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Regulation of TRPM6/7 by autophosphorylation

Massive autophosphorylation of a substrate recognition
domain controls protein kinase activity of TRPM6 and
TRPM7
Kristopher Clark1, Edwin Lasonder3, Nick A. Morrice4, Carl G. Figdor1 and Frank N.
van Leeuwen1,2
department of Tumor Immunology, "laboratory of Pediatnc Oncology and 3Centre for Molecular and Biomolecular
Informatics, NCMLS, Radboud University Nijmegen Medical Centre, PO Box 9101, 6500 HB Nijmegen, The Netherlands
4
University of Dundee, MRC Protein Phosphorylation Unit, James Black Centre, Dow Street Dundee, DD1 5EH,
Scotland, UK

TRPM6 and TRFM7 are bifunctional
proteins expressing a TRP channel fused to
an α-kinase domain. While the gating
properties of TRPM6 and TRPM7 channels
have been studied in great detail, little is
known about the mechanisms regulating
kinase activity. Recently, we found that
TRPM7 associates with its substrate myosin
II via a kinase-dependent mechanism
suggesting a role for autophosphorylation in
substrate recognition. Here, we demonstrate
that the cytosolic C-terminus of TRPM7
undergoes massive autophosphorylation,
which strongly increases the rate of
substrate phosphorylation. Phosphomapping by mass spectrometry indicates that the
majority of autophosphorylation sites (37
out of 45) map to a region immediately Nterminal of the catalytic domain. Deletion of
this region, or addition of salt to the kinase
reaction, prevents substrate phosphorylation
without affecting intrinsic catalytic activity.
These findings suggest a model where
massive autophosphorylation outside the
catalytic domain of TRPM7 generates a
charge-dependent substrate recognition
domain that greatly enhances substrate
phosphorylation. Strikingly, we found that
TRPM6 is regulated by an analogous
mechanism despite a lack of sequence
conservation with TRPM7 in the regulatory
domain. In conclusion, our studies provide a
novel paradigm for substrate recognition by
protein kinases.

INTRODUCTION
The charmel-kinases TRPM6 and TRPM7 are
bifunctional proteins consisting of a TRP
cation channel fused to a kinase and represent
the only two proteins in the mammalian
genome with this particular architecture [1,2]
A critical issue in understanding these
intriguing proteins is to identify the molecular
mechanisms controlling the activation of the
channel as well as kinase and subsequently,
establish the functional link between these two
domains
Within only a few years, major advances
have been made in our understanding of the
role and regulation of TRPM6 and TRPM7
channels. TRPM6 is predominantly expressed
in the brain, intestine and kidneys where it
plays a key role in maintaining ion balance in
the organism [1,3] Mutations in TRPM6 cause
the disease familial hypomagnesemia with
secondary hypocalcemia [4,5] In contrast,
TRPM7 is ubiquitously expressed and has been
implicated in various cellular functions
including ion homeostasis, cell proliferation,
anoxic cell death, exocytosis, actomyosin
contractility and cell adhesion [6-13] The
principal feature of TRPM6 and TRPM7
channels, which distinguishes them from other
TRP channels, is their sensitivity to
2+
2+
physiological Mg
and Mg -nucleotide
concentrations [12,14,15] These channels are
activated upon depletion of Mg2+ ions in cells
Notably, TRPM6 and TRPM7 can operate
either as homo- or heterotetramers [16,17]
Although the TRPM6/7 channels are inhibited
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by Mg2+ and Mg +-nucleotide complexes, these
channels
possess
slightly
different
electrophysiological
characteristics which
distinguish them from the homotetrameric
channels [18]. The inhibition of TRPM6 and
TRPM7 channels by Mg2+ and Mg2+-nucleotide
complexes suggested a role for the kinase
domain in regulating the gating of these
channels. However, this notion remains very
controversial. Currently, it is widely accepted
that catalytic activity is not required for
TRPM7 channel opening [10,19,20] but the
kinase domain may govern the set point for
Mg2+ sensitivity [2]. More recently, it was
demonstrated that TRPM7 channels are also
regulated by receptor-mediated signaling.
TRPM7 requires PIP2 and is activated by PIP2
hydrolysis in intact cells [21,22]. Moreover, the
cAMP/PKA signalling axis modulates preactivated TRPM7 channels [23]. While the
function and regulation of TRPM6 and TRPM7
channels have been extensively studied, very
little is known about the molecular mechanisms
activating the kinases.
TRPM6 and TRPM7 are members of a
novel family of atypical protein kinases called
α-kinases [24,25]. These kinases display little
sequence similarity with conventional protein
kinases (CPK). Moreover, α-kinases can be
further distinguished from CPK by their
substrate specificity. While CPK phosphorylate
amino acids found in irregular structures as
well as turns and loops [26], α-kinases are
thought to predominantly phosphorylate
residues present in α-helices [27]. Despite
these differences, the topology of the α-kinase
domain is very similar to that of CPK [28].
Identification of substrates for these kinases is
ongoing. To date, TRPM7 was found to
phosphorylate annexin I and nonmuscle
myosin II isoforms ([7,29] and Chapters 4 and
5). Recently, we demonstrated that TRPM7
shares its substrate specificity with TRPM6
(Chapter 5).

inactive state is stabilized by intramolecular
interactions with regulatory domains [31,32].
Transition to the active state can occur by
association with regulatory proteins or lipids
[31,33,34], (de)phosphorylation by upstream
phosphatases and kinases
[32,35] or
autophosphorylation [36]. In addition to
directly influencing the catalytic activity of the
kinase, regulatory domains may also serve as a
docking site to recruit substrates, which are
subsequently phosphorylated by the kinase
[37].
Like CPK, α-kinases also undergo
autophosphorylation. TRPM6 and TRPM7
predominantly
autophosphorylate
serine
residues
[16,38]
but
the
functional
consequences for catalytic activity are
unknown. Recently, we demonstrated that the
interaction between TRPM7 and the
actomyosin cytoskeleton is dependent on
kinase activity, suggesting a role for
autophosphorylation in the recognition of its
substrates including myosin II [7]. Therefore,
we further investigated the role of
autophosphorylation in regulating the activity
of the mammalian α-kinases TRPM6 and
TRPM7.

What are the mechanisms controlling
protein phosphorylation by TRPM6 and
TRPM7? Over the years, many different
mechanisms have been proposed to regulate the
activity of CPK. In general, kinases adopt
different conformations in their inactive and
active states [30]. For several kinases, the

TRPM7 undergoes massive autophos
phorylation of the C-terminus, which
occurs via a sequential multi-step
process
To test the role of autophosphorylation in
modulating the kinase activity of TRPM7, the
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Figure 1. Schematic diagram depicting the constructs of
TRPM6 and TRPM7 used in the current investigation.
TRPM6 and TRPM7 encode both a channel (black) and an
α-kinase domain (grey) The typical TRP domain (stripes),
which is immediately adjacent to the channel, is conserved
in TRPM6 and TRPM7 In addition to the full length
protein, the entire cytosolic C tail but excluding the TRP
domain of TRPM6 and TRPM7 (TRPM6-C-long and
TRPM7-C-long) as well as the isolated kinase domain of
TRPM7 (TRPM7-C-short) were expressed as HA-tagged
recombinant proteins in mammalian cells
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Figure
2.
TRFM7
undergoes
massive
autophosphorylation of the C-terminus via a
sequential series of phosphorylation events. (A)
Autophosphorylation of TRPM7 dramatically reduces its
electrophoretic mobility. HA-tagged proteins were
immunoprecipitated from cells expressing WT or KD
TRPM7-C-long. Cells transfected with empty vector
were used as negative control. The purified proteins
were incubated in the absence or presence of 100 μΜ
ATP for 30 min at 30°C, resolved on a 6% SDS-PAGE
gel and subsequently detected using anti-HA antibodies
for total protein (Top panel) and anti-pThr antibodies for
phosphoproteins (Bottom panel). (B) Kinetics of TRPM7
autophosphorylation. Purified TRPM7-long was incu
bated with 100 μΜ ATP at 30°C for the indicated times.
The reaction was stopped using Laemmli sample buffer
supplemented with 40 mM EDTA. Proteins were
separated by SDS-PAGE and detected by immunoblotting using anti-HA antibodies.

cytosolic C-terminal tail of TRPM7 (TRPM7C-long; aa 1158-1864; Fig. 1) was purified
from mammalian cells and subjected to in vitro
kinase assays. Remarkably, incubation of
TRPM7 with ATP in vitro led to a dramatic
shift in electrophoretic mobility on SDS-PAGE
gels (Fig. 2A). The non-phosphorylated
protein, which migrates at around 80 kDa,
shows an apparent molecular weight of 120
kDa after in vitro kinase assays. The change in
electrophoretic
mobility
is
due
to
autophosphorylation because incubation of a
kinase-dead (KD) mutant with ATP had no
effect on the migratory behavior of TRPM7-Clong. The kinetics
of
TRPM7-C-long
autophosphorylation demonstrates that this
process is very rapid. Clear autophospho
rylation was detectable within 10 s and reached
completion within 2-5 min (Fig. 2B).
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Figure 3. Reduction in electrophoretic mobility of
TRPM7-C-long correlates with the phosphorylation of
substrates. (A) Effect of reducing ATP concentration on
TRPM7 autophosphorylation and myosin II phos
phorylation. Purified TRPM7-C-long was incubated with 2
μg of GST-myosin IIA in the presence of varying ATP
concentrations for 30 min at 30oC. The specific activity of
ATP was maintained constant for all samples. The proteins
were separated by SDS-PAGE, stained with coomassie
brilliant blue (bottom panel) and phosphorylated proteins
were detected by autoradiography (top panel). (B)
Quantification of TRPM7 autophosphorylation and myosin
II phosphorylation at varying ATP concentrations. 3 2 P
incorporation was measured by phosphoimaging analysis.
The phosphorylation levels measured for the sample at 100
μΜ ATP was set to 1 for each protein and all other values
are reported relative to that sample. (C) Myosin II
phosphorylation correlates with TRPM7 autophos
phorylation even at exceedingly high specific activities. The
experiment was performed as described in A except that the
specific activity of the ATP solution was varied to detect
myosin II phosphorylation at low ATP concentrations. All
samples contained 5 μΟι of [γ-32Ρ]-ΑΤΡ supplemented with
the indicated concentrations of cold ATP.
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Figure 4. TRPM7 autophosphorylation precedes phosphorylation of substrates. (A) Kinetics of TRPM7 and
myosin II phosphorylation. TRPM7-C-long was incubated with 2 μg of GST-myosin IIB in the presence of 20 μΜ
[γ-32Ρ]-ΑΤΡ at 30oC for the indicated times. The reactions were stopped by the addition of Laemmli buffer containing
40 mM EDTA. The proteins were separated by SDS-PAGE, revealed by coommassie staining (bottom panel) and
phosphorylated proteins were detected by autoradiography (top panel). (B) Quantification of TRPM7
autophosphorylation and myosin II phosphorylation over time. 3 2 P incorporation was measured by phosphoimaging
analysis. The phosphorylation levels measured for the sample incubated for 30 min was set to 1 for each protein and all
other values are reported relative to that sample.

Moreover, autophosphorylation of TRPM7-Clong proceeds via multiple intermediate
phosphorylation states. These results demon
strate that TRPM7 massively phosphorylates
its cytosolic C-terminal tail via an orderly
multi-step process.
The change in electrophoretic mobility
of TRPM7 correlates with its ability to
phosphor/late exogenous substrates
The degree of TRPM7 autophosphorylation
depends on ATP concentration (Fig. 3).
Titration of ATP demonstrated that TRPM7-Clong undergoes complete autophosphorylation
at concentrations ranging between 10 and 500
μΜ. Notably, the phosphorylation of myosin Π
was optimal at those ATP concentrations that
led to complete autophosphorylation of
32
TRPM7-C-long. Even at very high [γ- Ρ]ΑΤΡ
specific activities, phosphorylation of myosin
II was not observed when ATP concentrations
were below a certain threshold (10 μΜ). In
contrast, TRPM7-C-long autophosphorylation
was easily detected at these low ATP
concentrations (Fig. 3C). When comparing the
kinetics of kinase versus substrate phospho
rylation, we observed a correlation between the
electrophoretic mobility shift of TRPM7-Clong and the extent of myosin II
phosphorylation (Fig. 4). Again, TRPM7-Clong autophosphorylation reached maximum
after about 5 min. In contrast, myosin II
phosphorylation was only measurable after 5
120
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Figure 5. Phosphorylation of substrates is accelerated
upon TRPM7 autophosphorylation. (A) Kinetics of
myosin II phosphorylation by TRPM7 pre-incubated in
absence or presence of ATP. Purified TRPM7-C-long
was incubated in the absence or presence of 100 μΜ
ATP for 30 min at 30oC to generate non-phosphorylated
and completely autophosphorylated TRPM7. Subsequen
tly, beads coated with kinase were washed in in vitro
kinase buffer lacking ATP and aliquoted. To initiate the
phosphorylation of myosin II, in vitro kinase buffer
containing 20 μΜ [γ-32Ρ]-ΑΤΡ and 2 μg of GST-myosin
IIB was added. The reaction was allowed to proceed at
30οΟ and stopped by adding Laemmli buffer containing
40 mM EDTA after the indicated times. Proteins were
resolved by SDS-PAGE, visualized by coomassie stai
ning (bottom panel) and phosphorylated proteins were
detected by autoradiography (top panel). (B) Quanti
fication of myosin II phosphorylation by TRPM7 preincubated in absence (-ATP) or presence (+ATP) of
ATP. 3 2 P incorporation was measured by phospho
imaging analysis. The phosphorylation levels measured
for myosin incubated for 60 s with TRPM7 that was preincubated with ATP was set to 1 and all other values are
reported relative to that sample.
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min and increased throughout the experiment,
which was stopped at the 30 min mark. These
results strongly suggest that TRPM7
autophosphorylation is required for the
subsequent phosphorylation of exogenous
substrates.
TRPM7
autophosphorylation
accentuates the kinetics of substrate
phosphorylation
To show that autophosphorylation regulates
TRPM7 kinase activity towards its substrates,

Figure 6. Identification of phospliorvlated
residues in TRPM7 by LC-MS/MS. WT and KD
HA-TRPM7-C-long were purified from mammalian
cells and incubated in the presence of 0.1 mM ATP
for 30 min at 30°C. The proteins were separated by
SDS-PAGE, stained using Coomassie blue and
subsequently, digested in gel with trypsin. The
peptides were chromatrographed on a nanoLC-C18
column that was connected inline with a LTQ-FT
mass spectrometer. MS 2 and MS 3 scans were
collected automatically as described in Materials
and Methods. (A) Representative MS 2 and MS 3
spectra for a TRPM7 peptide phosphorylated on
Ser-1614. (m/z observed of parent ion was
823.3848, mass accuracy 1.85 ppm, +2 charge state;
NL indicates neutral loss of H3PO4 which triggers
acquisition of MS 3 spectnun).The b+-ion series is
indicated in red whereas the y+-ion series is in blue.
S* refers to dehydroserine. (B) Diagram depicting
the phosphorylated residues identified in WT
TRPM7-C-long (red) or both WT and KD TRPM7C-long (blue).

we compared the rate of myosin II
phosphorylation by TRPM7-C-long before and
after treatment with ATP (Fig. 5 and
supplemental data). Prior treatment of TRPM7C-long with ATP led to significant increase in
the kinetics of myosin II phosphorylation.
Suddenly, phosphorylation of myosin II was
detectable within 10 s and increased steadily in
the first 5 min, which is a time scale where
little myosin II phosphorylation was detected if
TRPM7-C-long was not previously incubated
with ATP. These results unequivocally
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demonstrate
that
autophos-phorylation
regulates TRPM7 kinase activity.
Massive autophosphorylation of the
regulatory domain (aa 1158-1548)
controls substrate recognition
To address the mechanism by which
autophosphorylation affects TRPM7 kinase
activity, we first mapped the phosphorylation
sites by nano liquid chromatography tandem
mass spectrometry (LC-MS/MS) using a LTQFT mass spectrometer according to a recent
algorithm for post-translational modification
scoring from Olsen and colleagues [39]. To
discriminate between the residues phosphorylated by exogenous kinases and TRPM7
itself, KD TRPM7-C-long was compared to the
wild-type (WT) kinase. Our data identify 48
phosphorylation sites of which 3 were also
found in the KD mutant (Fig. 6 and supple
mental data). Thus we have identified 45
TRPM7 autophosphorylation sites and 3 sites
targeted by other protein kinases. Although
autophosphorylation
sites
are
present
throughout the entire C-terminal tail, the
majority of these sites are concentrated in a 200
amino acid region directly adjacent to the
catalytic domain (1385-1585). We therefore
hypothesized that this region could be an
important regulatory domain.
We investigated the contribution of this
domain to TRPM7 kinase activity by
generating a construct (TRPM7-C-short)
containing only the catalytic domain plus a
small extension (40 aa) that is required for
dimerization. TRPM7-C-short autophosphorylated itself leading to the incorporation of
approximately 4 times less phosphate than
TRPM7-C-long. However in contrast to
TRPM7-C-long, the electrophoretic mobility of
TRPM7-C-short did not change significantly
(Fig. 7A). Strikingly, phosphorylation of
myosin II by TRPM7 was reduced when the
regulatory domain was deleted (Fig. 7B). The
level of myosin II phosphorylation was only
5% of the levels achieved when using TRPM7C-long in in vitro kinase reactions (Fig. 7C).
Previously, it was reported that NaCl
concentrations above 50 mM inhibit TRPM7
kinase activity [38]. We noticed that the
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Figure 7. Deletion of the region between the
transmembrane and kinase domains in I kl'MV
reduces
substrate
phosphorylation.
(A)
Autophosphorylation of TRPM7-C-short only leads to a
minor change in electrophoretic mobility on SDS-PAGE
gels. Purified TRPM7-C-short and TRPM7-C-long were
incubated in the absence or presence of 100 μΜ ATP for
30 min at 30oC, resolved on a 6% SDS-PAGE gel and
subsequently detected using anti-HA antibodies. (B)
TRPM7-C-short phosphorylates myosin II less
efficiently than TRPM7-C-long. TRPM7-C-short and
TRPM7-C-long were incubated with 2 μg of GSTmyosin IIB in the presence of 20 μΜ [γ-32Ρ]-ΑΤΡ at
30°C for 30 min. The proteins were separated by SDSPAGE, revealed by coommassie staining (right panel)
and phosphorylated proteins were detected by
autoradiography (left panel). Equal amounts of each
kinase was verified by Western blotting. (C)
Quantification of myosin II phosphorylation by TRPM7C-short and TRPM7-C-long. Ρ incorporation was
measured
by
phosphoimaging
analysis.
The
phosphorylation levels measured for myosin II incubated
with TRPM7-C-long was set to 1 and values obtained for
TRPM7-C-short are reported relative to that value.

addition of salt inhibited the ability of TRPM7C-long to phosphorylate myosin II but it had no
effect on autophosphorylation (Fig. 8A,B).
Importantly, TRPM7 undergoes autophospho
rylation via an intermolecular mechanism that
appears to be independent of salt or the
presence of the regulatory domain (Fig. 8C,D).
Thus, the effect of the regulatory domain on
phosphorylation of myosin II can be dis
sociated from catalytic activity. Collectively,
our results suggest that massive autophospho
rylation of the regulatory domain provides an
electrostatic platform for the recognition and
subsequent phosphorylation of exogenous
substrates.
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Figure 8. High ionic strength abrogates the ability of TRPM7 to phosphorylate exogenous substrates without
affecting autophosphorylation. (A) Effect of salt on TRPM7 and myosin II phosphorylation. Purified TRPM7-C-long
32
was incubated with 2 μg of GST-myosin IIB and [γ- Ρ]-ΑΤΡ in the absence or presence of 250 mM NaCI for 30 min
o
at 30 C. The proteins were separated by SDS-PAGE, stained with coomassie brilliant blue (bottom panel) and
phosphorylated proteins were detected by autoradiography (top panel). (B) Quantification of TRPM7 and myosin II
32
phosphorylation levels in absence and presence of salt. P incorporation was measured by phosphoimaging analysis.
The phosphorylation levels measured for the sample containing no salt was set to 1 for each protein and values obtained
in presence of salt are reported relative to this value. (C) TRPM7 autophosphorylation is a intermolecular
phosphorylation event that is independent of salt. Lysates of mammalian cells expressing WT TRPM7-C-short were
added to those of cells expressing KD TRPM7-C-long. The proteins were co-purified by immunoprecipitation using
32
o
anti-HA antibodies. The beads were incubated in IVK buffer containing 100 μΜ [γ- Ρ]-ΑΤΡ for 30 min at 30 C.
Proteins were separated by SDS-PAGE and phosphorylated proteins were detected by autoradiography.

Despite
a
lack
of sequence
conservation, TRPM6 is also regulated
by autophosphorylation
Alignment of the TRPM6 and TRPM7
sequences reveals that the protein is highly
conserved throughout the molecule except in
the region between the TRP and kinase
domains of the C-terminal tail (Fig. 9A). Since
this region regulates substrate recognition by
TRPM7, we investigated whether it has a
similar role in controlling TRPM6 kinase
activity. Incubation of TRPM6-C-long with
ATP led to a noticeable shift in electrophoretic
mobility on SDS-PAGE gels (Fig. 9B). The
kinetics of autophosphorylation of TRPM6-Clong also preceeded the phosphorylation of
myosin II (Fig. 9C). Moreover, pre-incubation
of TRPM6-C-long with ATP increased the rate
of myosin II phosphorylation indicating that
TRPM6 is activated by autophosphorylation
(Fig. 9D). Despite the lack of sequence
homology between TRPM6 and TRPM7,
autophosphorylation also occurs in the region
immediately upstream of the kinase (data not
shown). Accordingly, this domain is serine and
threonine-rich in both kinases. We conclude
that although the regulatory domains of
TRPM6 and TRPM7 show little similarity at
the amino acid level, these sequences are

essential for substrate recognition in both
kinases.

DISCUSSION
Identification of the molecular mechanisms
underlying the activation of the TRPM6 and
TRPM7 kinase domains is essential to
understand the complex biology of these
bifiinctional proteins. In this investigation, we
describe a novel mode of activation for
mammalian α-kinases TRPM6 and TRPM7.
Our data support a model where massive
autophosphorylation of the regulatory domain
exposes an electrostatic interface for the
recognition of substrates, which enhances
protein phosphorylation by TRPM6 and
TRPM7. In the absence of autophosphorylation
or the substrate recognition domain, the
phosphorylation of substrates by TRPM6 and
TRPM7 is inefficient. The evidence for this
model may be summarized as follows: 1)
TRPM6 and TRPM7 transphosphorylate their
C-termini via a highly ordered multistep
process; 2) autophosphorylation of TRPM6 and
TRPM7 precedes the onset of substrate
phosphorylation; 3) mass spectrometric and
mutational
analysis
demonstrate
that
autophosphorylation occurs predominantly in
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Figure 9. Regulation of TRPM6 by autophosphorylation. (A) TRPM6 and TRPM7 display no sequence homology
in the region spanning between the TRP box and the kinase domain. Alignment of amino acid sequences of TRPM6
and TRPM7 using Blast-2-Blast from NCBI. The gap is a result of low sequence similarity between the two proteins in
the indicated region. (B) Autophosphorylation of TRPM6 leads to a dramatic shift in electrophoretic mobility on SDSPAGE gels. TRPM6-C-long and TRPM7-C-long were incubated in the absence or presence of 100 μΜ ATP for 30 min
at 30oC, resolved on a 6% SDS-PAGE gel and subsequently detected using anti-HA antibodies. (C) TRPM6
autophosphorylation precedes myosin II phosphorylation. TRPM6-C-long was incubated with 2 μg of GST-myosin IIB
in the presence of 20 μΜ [γ-32Ρ]-ΑΤΡ at 30oC for the indicated times. The proteins were separated by SDS-PAGE,
revealed by coommassie staining (bottom panel) and phosphorylated proteins were detected by autoradiography (top
panel). (D) Accelerated kinetics of myosin II phosphorylation after pre-incubation of TRPM6 with ATP. Purified
TRPM6-C-long was incubated in the absence or presence of 100 μΜ ATP for 30 min at 30oC to generate nonphosphorylated and completely autophosphorylated TRPM6. To initiate the phosphorylation of myosin II, in vitro
kinase buffer containing 20 μΜ [γ-32Ρ]-ΑΤΡ and 2 μg of GST-myosin IIB was added. The reaction was allowed to
proceed at 30°C and stopped by adding Laemmli buffer containing 40 mM EDTA after the indicated times. Proteins
were resolved by SDS-PAGE, visualized by coomassie staining (bottom panel) and phosphorylated proteins were
detected by autoradiography (top panel).

the region N-terminal of the catalytic domain,
4) deletion of this region interferes with
substrate phosphorylation but not catalytic
activity, 5) addition of salt reduces substrate
phosphorylation without affecting autophos
phorylation. Notably, this model explains, at
the molecular level, our recent findings
demonstrating that TRPM7 associates with its
substrate myosin II in cells via a kinasedependent mechanism [7].
Our investigation differs from a recent
report where substrate phosphorylation was not
affected by TRPM7 autophosphorylation [38].
This difference may be explained by the fact
that in their experiments, Ryazanova and
colleagues [38] used artificial substrates such
as myelin basic protein (MBP) and histone H3;
substrates that show little or no kinase
specificity in vitro. Clearly, phosphorylation of
124

myosin II by either TRPM6 or TRPM7 appears
to be highly dependent on changes within the
catalytic domain and/or upstream substrate
recognition domain that occur in response to
autophosphorylation. The role of autophospho
rylation in subtrate recognition by these two akinases is not isoform specific because
identical results were achieved with both
nonmuscle myosin IIA and IIB. Moreover, we
found that the kinetics of myosin II
phosphorylation are distinctly slower than
those of MBP phosphorylation. Onset of
myosin II phosphorylation occurs at 5 min, a
time point at which TRPM7 autophos
phorylation is complete, whereas MBP
phosphorylation is evident at 1.5 min even
though TRPM7 autophosphorylation is still
proceeding [38]. We conclude from these
results that phosphorylation of physiological
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substrates for TRPM6 and TRPM7 is
controlled by autophosphorylation
One of the most surprising results of this
investigation is the unprecedented number of
autophosphorylation sites in TRPM6 and
TRPM7 By LC-MS/MS, we identified 45
residues phosphorylated in WT but not in a
catalytically inactive mutant of TRPM7
demonstrating that phosphorylation is due to
autophosphorylation Our phosphomapping
experiments are consistent with the level of
phosphate incorporation into the kinase where
30-40 mol of phosphate is incorporated per mol
of TRPM6 and TRPM7 Moreover, we
identified previously reported sites of TRPM7
autophosphorylation
including
Thrl482,
Serl512
and
Serl568
[19,40]'
The
authenticity of the phosphorylation sites is
further demonstrated by the ratio of
phosphorylated senne and threonine residues
and their distribution within TRPM7
Phosphoamino acid analysis of TRPM7
determined that phosphate is incorporated 70%
into sennes and 30% into threonines [16,40]
Accordingly, we identify 30 senne and 15
threonine residues that are phosphorylated by
TRPM7 Moreover, these residues (37 out of
45) are predominantly located in a domain,
which is directly adjacent to the catalytic
domain Deletion of this region leads to a
corresponding 4-fold decrease in phosphate
incorporation into TRPM7 Others have also
found this region of TRPM6 and TRPM7 to be
strongly autophosphorylated [16,19] Since the
phosphorylation of substrates is dependent on
this region, we propose that the domain
spanning from amino acid 1385 to 1585, where
the autophosphorylation sites are concentrated,
serves as a docking site for substrates such as
myosin II Moreover, the high level of
phosphate incorporation in both TRPM6 and
TRPM7 will generate a negatively charged
interface for the recognition of substrates via
electrostatic interactions Consistent with this
model, we find that the phosphorylation of
Mouse and human TRPM7 sequences found in the
NCBI database differ by a single amino acid Since we
used human TRPM7 in this study, we have corrected all
positions to correspond to the human sequence and
therefore SerlSll and Serl567 become Serl512 and
Seri 568, respectively

substrates is drastically inhibited by the
addition of salt, which has no effect on the
intnnsic catalytic activity of the kinase Thus,
massive autophosphorylation of TRPM6 and
TRPM7 generates a charge-dependent substrate
recognition domain required for efficient
protein phosphorylation
The molecular mechanism controlling the
activity of the TRPM6 and TRPM7 kinases
towards nonmuscle myosin II displays, on the
one hand, many similarities but on the other
hand, several differences from the mechanisms
proposed to regulate other cx-kinases The
founding members of the α-kinase family are
eukaryotic elongation factor-2 (eEF-2) kinase,
which
controls
protein
synthesis
by
phosphorylating eEF-2 [25] and a group of
myosin II heavy chain kinases (MHCK) from
Dictyostelmm, which regulate myosin II
filament assembly by phosphorylating its
heavy chain [41] Like TRPM7, these kinases
require the presence of additional domains for
efficient substrate phosphorylation The Cterminus of eEF-2 kinase [42] and MHCK [43]
bind directly to their respective substrates
Deletion of these regions decreases the rate of
protein phosphorylation without affecting the
kinetics of phosphorylation of a synthetic
peptide [42-45] Similarly, deletion of amino
acids 1154-1548 within TRPM7 drastically
reduces substrate phosphorylation without
influencing intrinsic catalytic activity The
TRPM7 kinase domain forms a dimer [28]
Autophosphorylation of TRPM7 is not affected
because the binding interface between the
catalytic domains of two TRPM7 monomers
(aa 1548-1864, [28]) differs from the domain
(aa 1154-1548) involved in the recognition of
exogenous substrates In contrast to TRPM7,
the substrate docking sites in eEF-2 kinase and
MHCK are not subject to autophosphorylation
[42-44]
The Dictyostehum MHC kinases A, Β and
C are all activated by autophosphorylation [4648] Intnguingly, the level of autophospho
rylation displays a wide dynamic range with
stoichiometry of phosphorylation ranging from
6-20 mol Pi/ mol kinase [43,46,47] However,
complete autophosphorylation does not appear
to be required for activation of MHC kinases
since autophosphorylation of 3 sites (out of 10)
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is sufficient to activate MHCKA [46] and
myosin II phosphorylation proceeds in parallel
to MHCKC autophosphorylation [47]. In
contrast, TRPM6 and TRPM7 only phosphorylate myosin II under conditions allowing
complete autophosphorylation of the kinases.
Although TRPM6 and TRPM7 are highly
homologous proteins (50% identity; 64%
similarity), the regulatory domain located
between the TRP and kinase domains within
the cytosolic C-terminal tail shows no
conservation in amino acid sequence.
Remarkably, we have found no differences to
date between the TRPM6 and TRPM7 kinases
in either substrate specificity (Chapter 5) or
regulation. Like TRPM7, TRPM6 requires
massive autophosphorylation of the chargedependent substrate recognition domain for
efficient substrate phosphorylation. Since this
domain is rich in serine and threonine residues
in both TRPM6 and TRPM7, we propose that
this property is defining the functional role of
this
domain
in
controlling
substrate
recognition. Understanding the reason for the
divergence in sequence between the regulatory
domains of TRPM6 and TRPM7 remain
challenges for future research.
In conclusion, we have identified a novel
mechanism for substrate recognition by the
mammalian α-kinases TRPM6 and TRPM7.
Massive autophosphorylation of TRPM6 and
TRPM7 outside the catalytic domain exposes a
docking site for substrates such as myosin II,
which greatly enhances phosphorylation.
Future experiments are aimed at understanding
the structural changes that occur in TRPM6
and TRPM7 upon autophosphorylation.

MATERIALS AND METHODS
Constructs
To generate the different expression vectors encoding
human TRPM6 and TRPM7 kinase variants (Fig. 1), the
cDNA was amplified by PCR using primers containing
an HA-tag at the 5'-end and inserted into pcDNA3 as a
BamHI-NotI fragment. The catalytically inactive mutant
(D1776A) of TRPM7 was generated by site-directed
mutagenesis using the Quikchange mutagenesis kit
(Stratagene) Human myosm IIA (aa 1795-1960) and IIB
(aa 1802-1977) heavy chain tails were amplified by PCR
using a GFP-myosm IIA construct as template and by
RT-PCR from HeLa cDNA, respectively. The PCR
products were inserted into the BamHI-EcoRI sites in
126

frame with GST in the pGEX-lN vector. All constructs
were verified by DNA sequencing.
Ce// cultura
HEK293 cells were cultured in DMEM medium with
10% FCS. For transient expression of the kinases, cells
were transfected using Lipofectamine (Roche) accordmg
to the manufacturer's recommendations.
Purification of GST-fuslon proteins
GST-myosin IIA and GST-myosin IIB were induced in
0
E. Coli for 3 h at 37 C. Bacteria were resuspended in
ice-cold STE buffer (10 mM Tns pH 8.0,300 mM NaCl,
ImM EDTA and protease inhibitors) and incubated in
the presence of lysozyme (100 μg/ml) for 15 min. DTT
(5 mM) was added and bacteria were lysed by adding
sarkosyl (1.5 %v/v). Subsequently, the DNA was
sheared by somcation and insoluble material was
removed by centrifugation. Triton X-100 (2 %v/v) and
glycerol (10 %v/v) were added to the supernatant and the
GST-fusion proteins were isolated using glutathionesepharose beads. After a 2 h incubation at 4°C, the beads
were washed in GST-lysis buffer (50 mM Tns pH 7.5,
300 mM NaCl, 1 5 mM MgCh, 0.2 mM EDTA, 0.5 mM
DTT, 1% Tnton X-100 and protease inhibitors) and
GST-fusion protems were eluted m elution buffer (100
mM Tns pH 8.0, 300 mM NaCl, 20 mM reduced
glutathione, 1 mM DTT, 1% Chaps). Protein concen
tration was measured using the Bradford assay.
Purification of kinase
TRPM6 and TRPM7 kinases were punfied from
mammalian cells by immunoprecipitation. Cells were
lysed in ice-cold GST-lysis buffer or RIPA buffer (50
mM Tns pH 7.5, 150 mM NaCl, 0.5% sodium
deoxycholate, 0.1% SDS, 1% Tnton X-100 and protease
inhibitors). Debris was removed by centrifugation and
the kinases were isolated by immunoprecipitation using
anti-HA antibodies (12CA5) coupled to protein Gsepharose.
In vitro kinase assays
TRPM6 and TRPM7 immunecomplexes were washed
and resuspended m IVK buffer (50 mM HEPES pH 7.0,
4 mM MnCl2, 2 mM DTT) with or without 2 μg of GSTmyosin II. The kinase reactions were mitiated by adding
ATP and incubating at 30oC for the indicated times.
Kinase reactions were stopped by the addition of
Laemmli buffer containing 40 mM EDTA. Samples were
boiled, separated by SDS-PAGE and proteins were
detected either by immunoblotting using anti-HA (3F10,
1:1000, Roche) and anti-phosphothreonine antibodies
(1:500,
Cell
Signalling
Technology)
or
by
autoradiography. Quantification was performed by
phosphoimager analysis.
Mass Spectrometry
WT and KD HA-TRPM7-C were incubated with 0.1
mM ATP for 30 min at 30°C. The proteins were
separated by SDS-PAGE and stained with colloidal
coomassie blue Gel slices containing phosphorylated
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kinases were excised, treated with DTT and
iodoacetamide and subsequently digested in-gel with
0
trypsin overnight at 37 C. All digests were purified and
desalted using C|g STAGE tips [49] before analysis by
mass spectrometry. Peptide identification experiments
were performed using a nano HPLC Agilent 1100 nano
flow system connected online to a 7-Tesla linear ion trap
Ion Cyclotron Resonance Fourier Transform (LTQ-FT)
mass spectrometer (Thermo Fisher, Bremen, Germany)
Peptides were separated on a 15 cm 100 μιη ID PicoTip
columns (New Objective, Wobum, USA) packed with 3
μιη Reprosil CI 8 beads (Dr. Maisch GmbH,
Ammerbuch, Germany) using a 90 min gradient from
10% buffer Β to 40% buffer Β (buffer Β contains 80%
acetonitnle in 0.5% acetic acid) with aflow-rateof 300
nl/min. Peptides eluting from the column tip were
electro-sprayed directly into the mass spectrometer with
a spray voltage of 2.1 kV. Data acquisition with the
LTQ-FT was performed in a data-dependent mode to
2
automatically switch between MS, MS , and neutral3
loss-dependent MS aquisition. Briefly, full-scan MS
spectra of intact peptides (m/z 350-2000) with an
6
automated gain control accumulation target value of 10
ions were acquired m the Founer transform ion cyclotron
resonance (FT ICR) cell with a resolution of 50000. The
four most abundant ions were sequentially isolated and
fragmented in the linear ion trap by applying
colhsionally induced dissociation using an accumulation
target value of 10000 (capillary temperature, 100°C,
normalized collision energy, 30%). A dynamic exclusion
of ions previously sequenced within 180 s was applied.
All unassigned charge states and singly charges ions
were excluded from sequencing. A minimum of 50
counts was required for MS2 selection. Data-dependent
neutral loss scanning of phosphoric acid groups was
enabled for each MS2 spectrum among the three most
intense fragment ions. RAW spectrum files were
converted into a Mascot generic peaklist by DTA
Supercharger (http://msquant.sourceforge.net). Accurate
parent masses of MS3 spectra were automatically
generated by DTA Supercharger from the full FT MS
scan. Peptides and proteins were identified using the
Mascot (Matrix Science) search engine version 2.0 to
search a local version of the human International Protein
Index (IPI) database version 3.05 supplemented with the
sequences of the TRPM7 constructs. The settings for
MASCOT searches were 10 ppm tolerance for the
parental peptide and 0.5 Da forfragmentationspectra, a
fixed carbamidomethyl modification for cysteines,
variable modifications for oxidation of methionine,
deamidation for glutamine and asparagme and
phosphorylation for serine, threonine and tyrosine.
Verification and site mapping of phosphorylated
peptides was perfomed using the Post Translational
Modification
scoring
algorithm
of
MSQuant
(httpV/msquant.sourceforge.net), according to the
procedure of Olsen and coworkers for phosphopeptides
[39]. Mascot search files and raw MS data files were
imported
into
MSQuant
for
PTM scoring.
Phosphopeptides were identified with a 99%significance threshold when the sum of the Mascot and

PTM score was higher than 28 [39]. The delta PTM
score, the difference between the highest and second
highest PTM score, was set to be larger than 6.5 to
exclusively
report
peptides with
a
mapped
phosphorylation site. Moreover, only phosphopeptides
occurring more than once were included in the results.
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Figure SI. Kinetics of myosin II phosphorylation by TRPM7 pre- and post-autophosphorylation. The experiment
was performed as described for figure 5 but phosphorylation of myosin II was followed over a period of 30 min. (A)
Equal loading of GST-myosin IIB was controlled by coomassie staining (bottom panel) and phosphorylation levels
were detected by autoradiography (top panel). (B) Quantification of myosin II phosphorylation by TRPM7 pre32
incubated in absence (-ATP) or presence of ATP (+ATP). P incorporation was measured by phosphoimaging analysis.
The phosphorylation levels measured for myosin incubated for 30 min with TRPM7 that was pre-incubated with ATP
was set to 1 and all other values are reported relative to that sample.
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Table SI. TRPM7 phosphopeptides detected in WT and KD TRPM7-C-long by LC-MS/MS.

KD
KD
KD
KD
KD
KD
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
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Phosphopeptides

SK* position
full length

mil

EFNFPEAGSSSGALFPSAVpSPPELR
EFNFPEAGSSSGALFPSAVpSPPELR
KEFNFPEAGSSSGALFPSAVpSPPELR
LGSSSTSIPHLSpSPPTK
RPpSTEDTHEVDSK
RPpSTEDTHEVDSK
DDKFHpSGSEER
DDKFHpSGSEER
TLTAQKApSEASK
TLTAQKApSEASK
ASEApSKVHNEITK
ASEApSKVHNEITR
ASEApSKVHNEITR
ASEApSKVHNEITR
ASEApSKVHNEITR
HLAQNLIDDGPVRPpSVWK
HLAQNLIDDGPVRPpSVWK
HLAQNLIDDGPVRPpSVWKK
HLAQNLIDDGPVRPpSVWKK
HLAQNLIDDGPVRPpSVWK
EFNFPEAGSSSGALFPpSAVSPPELR
KEFNFPEAGSSSGALFPpSAVSPPELR
EFNFPEAGSSSGALFPpSAVSPPELR
EFNFPEAGSSSGALFPSAVpSPPELR
EFNFPEAGSSSGALFPSAVpSPPELR
EFNFPEAGSSSGALFPSAVpSPPELR
KEFNFPEAGSSSGALFPSAVpSPPELR
LGSpSSTSIPHLSSPPTK
LGSpSSTSIPHLSSPPTK
LGSSSTpSIPHLSSPPTK
LGSSSTSIPHLSpSPPTK
FFVpSTPSQPSCK
FFVSTPpSQPSCK
ATEGDNTEFGAFVGHRDpSMDLQR
ATEGDNTEFGAFVGHRDpSMDLQR
FGAFVGHRDpSMDLQRFKE
FKETpSNKIK
ILpSNNNTSENTLKR
ILpSNNNTSENTLK
ILpSNNNTSENTLK
ILpSNNNTSENTLKR
TSNKIKILpSNNNTSE
ILpSNNNTSENpTLK
ILpSNNNTSENpTLK
ILpSNNNTSENpTLKR
ILSNNNTpSENTLKR
RVpSSLAGFTDCHR
RVpSpSLAGFTDCHR
RVpSpSLAGFTDCHR
VSpSLAGFTDCHR
VSpSLAGFTDCHR
TSIPVHpSKQEK
TSIPVHpSK
VSSLAGFTDCHRTSIPVHpSK
RPpSTEDTHEVDSK
RPpSTEDTHEVDSK
RPpSTEDTHEVDpSK
RPpSTEDTHEVDpSK
RPSTEDTHEVDpSK
RPSTEDTHEVDpSK
AALIPDWLQDRPpSNR
AALIPDWLQDRPpSNR
AALIPDWLQDRPpSNR

S-1361
S-1361
S-1361
8-1396
S 1503
S-1503
S-1191
S-1191
S-1255
S-1255
5-1258
5-1258
8-1258
S 1258
5-1258
3-1287
3-1287
3-1287
S-1287
5-1287
3-1358
3-1358
5-1358
3-1361
5-1361
S-1361
3-1361
S-1387
5-1387
5-1390
S-1396
3-1404
S-1407
5-1446
S-1446
3-1446
5-1456
5-1463
5-1463
5 1463
3-1463
3-1463
5-1463 T-1471
S-1463 T-1471
S-1463 T-1471
3-1466
S-1476
S-1476 3-1477
3-1476 3-1477
5-1477
S-1477
3-1493
3-1493
S-1493
S-1503
S-1503
S 1503 5-1512
5-1503 5-1512
S-1512
S-1512
5-1526
5-1526
3-1526

8917483
1337 1207
934 4476
888 4322
527 5574
790 «35.1
693 7703
482 8504
657 8213
658 312
761 3578
507 9065
507 9076
761 3574
761 8498
709 0257
1063 0377
751 7239
1127 0873
709 3599
1337 1308
934 4487
891 7487
891 7484
1337 1214
669 3078
934 448
886 4323
592 6242
592 6243
888 4358
732 8177
732 8179
883 7089
878 3777
740 6792
587 7971
842 4038
764 3596
764 847
5619436
871 9284
804 341
804 8312
882 3917
842 4101
793 3517
555 8928
833 3362
715 3015
477 203
667 3302
474 7315
760 3591
790 8329
527 5575
554 2138
830 817
790 8356
527 5588
916 4485
611 3019
916 9382

Cluri

3
2
3
2
3
2
2
3
2
2
2
3
3
2
2
3
2
3
2
3
2
3
3
3
2
4
3
2
3
3
2
2
2
3
3
3
2
2
2
2
3
2
2
2
2
2
2
3
2
2
3
2
2
3
2
3
3
2
2
3
2
3
2

1Phos
1Phos
1Phos
1Phos
IPhos
1Phos
IPhos
IPhos
IPhos
IPhos IDeaml
IPhos
IPhos
IPhos
IPhos
IPhos IDeami
IPhos
IPhos
IPhos
IPhos
IPhos IDeaml
IPhos
IPhos
IPhos
IPhos
IPhos
IPhos IDeami
IPhos
IPhos
IPhos
IPhos
IPhos
IPhos
IPhos
IPhos 1Mel(ox)
IPhos
IPhos
IPhos
IPhos
IPhos
IPhos IDeami
IPhos
IPhos
2Phos
2Phos IDeami
2Phos
IPhos
IPhos
2Phos
2Phos
IPhos
IPhos
IPhos
IPhos
IPhos
IPhos
IPhos
2Phos
2Phos
IPhos
IPhos
IPhos
IPhos
IPhos IDeami

Mauot
* PTM
scora

dolta
PTM
score

«validated
PhosphosHm

137 2
1199
609
1356
903
990
945
87 5
219 2
1634
206 0
993
963
159 8
106 3
205 4
196 2
140 4
114 0
103 9
141 2
72 7
153 8
157 6
120 3
659
97 5
78 0
70 7
900
148 2
230 2
132 8
59 8
585
49 5
932
173 3
193 7
204 0
550
67 9
1093
1368
554
69 8
1864
1298
589
194 9
589
808
832
455
1904
1123
1148
613
125 7
76 2
174 1
1130
73 8

336
225
124
20 9
104
92
21 8
11 3
552
389
532
404
294
23 6
104
142 8
1177
65 2
610
93
167
13 9
106
349
309
224
20 7
93
77
93
226
155
23 7
20 6
192
150
119
67 1
565
261
195
92
312
215
71
87
13 1
62 9
174
28 2
15 7
49 6
343
67
25 6
110
225
78
447
336
1060
710
37 9

53
53
53
21
52
52
3
3
22
22

25
25
25
25
25
8
8
8
53
53
53
53
2
2
2
21
6
2
7
7
7
2
38
36
38
38
38
10
10
10
2
4
8
8
5
5
12
12
12
52
52
7
7
26
26
17
17
17
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WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT
WT

EMPpSEEGTLNGLTSPFKPAMDTNYYYSAVER
EMPpSEEGTLNGLTSPFKPAMDTNYYYSAVER
EMPSEEGTLNGLTpSPFKPAMDTNYYYSAVER
EMPSEEGTLNGLTpSPFKPAMDTNYYYSAVER
LpSQSIPFTPVPPR
LpSQSIPFTPVPPR
LSQpSIPFTPVPPR
LSQpSIPFTPVPPR
LSQpSIPFTPVPPRGEPVTVYR
LSQpSIPFTPVPPRGEPVTVYR
LEESSPNILNNpSMSSWSQLGLCAK
lEFLpSKEEMGGGLR
lEFLpSKEEMGGGLR
lEFLpSKEEMGGGLRR
lEFLpSKEEMGGGLR
lEFLpSKEEMGGGLR
lEFLpSKEEMGGGLRR
pSIPYSPR
GELLVLDLQGVGENLTDPpSVIKAEEK
GELLVLDLQGVGENLTDPpSVlKAEEKR
GELLVLDLQGVGENLTDPpSVlKAEEKR
GELLVLDLQGVGENLTDPpSVIKAEEK
IIFPQDEPSDLNLQPGNpSTK
IIFPQDEPSDLNLQPGNpSTK
IIFPQDEPSDLNLQPGNpSTKESESTNSVR
ESESTNpSVRLML
ESESTNpSVRLML
STNpSVRLML
SESTNpSVRLML
SESTNpSVRLML
LFLpTEEDQK
LFLpTCEDQKK
LFLpTCEDQKK
LFLpTEEDQK
VHNEIpTRELSIpSK
FFVSpTPSQPSCK
ATEGDNpTEFGAFVGHR
ATEGDNpTEFGAFVGHR
ATEGDNpTEFGAFVGHRDpSMDLQR
ATEGDNpTEFGAFVGHRDpSMDLQR
FKEpTpSNKIK
ILSNNNTSENpTLKR
ILSNNNTSENpTLK
ILSNNNTSENpTLK
ILSNNNTSENpTLKR
VSSLAGFpTDCHR
RVSSLAGFpTDCHR
NTLKRVSSLAGFpTD
RPSpTEDTHEVDSK
RPSpTEDTVIEVDSK
RPSTEDpTHEVDSK
EMPSEEGpTLNGLTSPFKPAMDTNYYYSAVER
EMPSEEGpTLNGLTSPFKPAMDTNYYYSAVER
EMPSEEGTLNGLpTSPFKPAMDTOYYYSAVER
EMPSEEGTLNGLpTSPFKPAMDTOYYYSAVER
EMPSEEGTLNGLpTSPFKPAMDTNYYYSAVER
EMPSEEGTLNGLpTSPFKPAMDTNYYYSAVER
EMPSEEGTLNGLpTSPFKPAMDTNYYYSAVER
EMPSEEGTLNGLTSPFKPAMDpTNYYYSAVER
EMPSEEGTLNGLTSPFKPAMDpTNYYYSAVER
GEPVpTVYR
AAQKLpTFAFNQMKPK
AAQKLpTFAFNQMKPK
AAQKLpTFAFNQMKPK
NDYpTPDKIIFPQOEPSDLNLQPGNSTK

S-1532
S-1532
S-1542
S-1542
3-1566
5-15ββ
8-1568

s-i5ee
S-1S68
S-1568
S-1597
S-1614
S-1614
S-iei4
S-1614
S-1614
S-1614
8-1694
5-1778
3-1778
S-1778
8-1778
8-1850

s-iaso
5-1850
5-1859
S-1859
5-1659
5-1659
8-1859
T-1163
Τ-11β3
Τ-11β3
Τ-11β3
T-1265, S-1271
Τ-1405
Τ-1435
Τ-1435
Τ-1435, 5-1446
Τ-1435 8-1446
Τ-1455
Τ-1471
Τ-1471
Τ-1471
Τ-1471
Τ-1482
Τ-14β2
Τ-14β2
Τ-1504
Τ-1504
Τ-1507
Τ-153β
Τ-1536
Τ-1541
Τ-1541
Τ-1541
Τ-1541
Τ-1541
Τ-1550
Τ-1550
Τ-15β2
Τ-1684
Τ-16β4
Τ-16β4
Τ-182Θ

8991443
695 1505
1193 5192
1193 192
759 8863
506 9298
759 8901
506 9297
807 4274
1210 6376
915 7518
8313853
823.1906
606 6256
554 5901
549 261
6012961
450 2061
949 4949
1001 5245
751 3955
712 3719
1147 0496
765 033
1094 6445
731 3188
723 3214
550 7639
666 8012
658 8052
601 7719
665 6177
666 3094
602 2623
843 386
732 8174
894 376
596 5656
910 3634
905 0337
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INTRODUCTION
The actomyosin cytoskeleton is an intracellular
network of actin filaments and myosin motor
proteins that provides structural integrity to the
cell and generates mechanical force to
accomplish basic cellular functions Myosins
convert chemical energy in the form of ATP
into mechanical force required for a plethora of
processes
including
protein transport,
membrane trafficking, cell division, cell
adhesion and migration [1] Myosin II is the
major motor protein driving cytoskeletal
contraction A careful spatial and temporal
regulation of myosin II is essential for cell
behavior [2] Deregulation of myosin Il-based
contractility contributes to the pathogenesis of
several human diseases including cancer [3]
Therefore, understanding the molecular
mechanisms that regulate myosin II activity
will identify novel therapeutic targets for these
diseases
To accomplish its cellular function, myosin
II assembles into bipolar thick filaments that
generate cortical tension by pulling together
oppositely onented actin filaments [4] In
Dictyostehum, a group of kinases known as
myosin II heavy chain (MHCII) kinases
regulate the localization and assembly of
myosin II filaments by phosphorylating the
coiled-coil domain of the MHCII [5,6]
Dictyostehum MHCII kmases belong to a rare
and novel class of protein kinases known as akinases
[7]
These
protein
kinases
preferentially
phosphorylate senne and
threonine residues presented within the context
of an α-helix, hence the name α-kinases [8]
In this dissertation, we provide the first
evidence that mammalian α-kinases, like their
counterparts in Dictyostehum [5,6], are
implicated in the regulation of cytoskeletal
dynamics By means of a multidisciplmary
approach involving biophysical, biochemical
and
cell
biological
techniques,
we
demonstrated that TRPM7 links receptormediated signals to actomyosm remodeling and
cell adhesion While investigating the central
aim of this thesis, we addressed several
fundamental questions regarding the regulation
and function of TRPM7 (BOX 1) In this
chapter, I outline the major advances this thesis

provides to the fields of TRP channels, akrnases, cytoskeleton and cell adhesion
research Furthermore, I speculate on the
general implications of current findings on
TRPM7 and make suggestions for future
research

TRPM7, ACTOMYOSIN CONTRAC
TILITY AND CELL ADHESION
Myosin II heavy chain phosphorylation
by TRPM7
An important conclusion from the research
presented in this thesis is that the function of
the atypical α-kinases has been conserved
throughout evolution Like Dictyostehum
MHCII kinases, TRPM7 regulates cytoskeletal
dynamics by inhibiting myosin II assembly via
phosphorylation of the heavy chain We
demonstrated that activation of TRPM7 by
bradykinm leads to a Ca2+- and kinasedependent interaction with the actomyosm
cytoskeleton (Chapter 2) Strikingly, TRPM7
exclusively phosphorylates the assembly
domain of nonmuscle myosin IIA, IIB and 1IC
heavy chains (MHCIIA, MHCIIB, MHCIIC)
on a conserved stretch of amino acids (Chapter
5) Mutation of the TRPM7 phosphorylation
sites (ThrlSOO, Seri803, Seri 808) in MHCIIA
affects
the assembly
and subcellular
localization of myosin IIA (Chapter 4) Our
report provides the first evidence that myosin
IIA
is
controlled by
heavy
chain
phosphorylation in mammalian cells However,
it will be necessary to demonstrate in the future
that TRPM7-mediated phosphorylation of
MHCIIA also occurs in vivo
TRPM7-mediated cytoskeletal relaxation
affects the formation and turnover of cellextracellular matrix adhesions (Chapter 2)
Spatial and temporal regulation of actomyosin
contractility is central to modulating the
assembly and disassembly of focal adhesions
and podosomes [9-13] Notably, the formation
of podosomes requires a local relaxation of the
actomyosm cytoskeleton [10] Consistent with
a role for TRPM7 in down regulating myosin
Il-based contractility, activation of TRPM7
leads to a loss of stress fibers accompanied by
a transformation of focal adhesions into

135

Chapter 8

BOX 1. Questions addressed in this thesis
1. Actomyosin contractility
a Are mammalian a-hnases involved in the regulation of actomyosin contractility7
-Yes, we demonstrate a role for TRPM7 in promoting actomyosin relaxation
b Does TRPM7 regulate myosin II in cells7 If so, what are the cell biological consequences7
-Yes, TRPM7 inhibits myosin II leading to the formation of podosomes
2. Activation of TRPM7 channels
a Which stimuli activate TRPM7 channels7
-BK, LP A, Thrombin Receptor-activating Peptide
b What are the molecular mechanisms regulating the opening ofTRPM7 channels7
-PLC-mediated hydrolysis of PIP2
3. TRPM7 protein complex
a Does TRPM7 associate with the actomyosin cytoskeleton7 If so, how is this interaction
regulated7
-Yes, the association requires Ca2+ and an active kinase domain
b What is the molecular composition of the TRPM7 protein complex7
-It is a large macromolecular complex containing proteins involved in regulating
actomyosin contractility, actm polymerization and cell-matnx adhesions
4. Substrates and regulation of the TRPM7 kinase
a Does TRPM7phosphorylate the myosin II heavy chain7 On which residues and what are the
biochemical and cell biological consequences of this phosphorylation event7
-TRPM7 phosphorylates the assembly domain of myosin IIA, IIB and IIC
Phosphorylation sites myosin IIA- T1800, S1803, S1808, myosin IIB- S1810, T1815,
S1935, S1937, S1938, S1952, myosin IIC- T1832, S1838, T1951, T1953, T1954,
T1956 Mutation of TRPM7 phosphorylation sites in myosin IIA affects filament
stability and protem localization
b Does TRPM7 share its substrates with other mammalian a-kinases7
-Yes, with TRPM6
c What are the molecular mechanisms regulating TRPM7protein kinase activity7
-Massive autophosphorylation of a region outside the catalytic domain assists TRPM7
m recognizing protein substrates
5. Relationship between the TRPM7 channel and kinase domains
a How do the channel and kinase domains influence each other's activity to control TRPM7
function7
-Our data suggest that Ca2+-influx through the TRPM7 channel affects kinase activity
by controlling the recruitment of its substrates In contrast to others, we have found no
role for the kinase domain m regulating TRPM7 channels

podosomes (Chapter 2) Moreover, the effects
of TRPM7 on podosome formation require an
active TRPM7 kinase but can be mimicked by
pharmacological inhibition of myosin II
independently of TRPM7 kinase activity
(Chapter 2) Based on the low abundance of
TRPM7, we hypothesize that TRPM7 affects
myosin II function within the vicinity of
adhesion structures Indeed, TRPM7, which is
expressed at the cell surface, is ennched in
focal adhesions [14] and podosomes (Chapter
2) Collectively, our findings provide strong
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support for a model whereby an increase in
TRPM7-mediated MHCII phosphorylation
contributes to local relaxation of the cortical
cytoskeleton leading to the remodeling of focal
adhesions and podosomes
Mammalian cells express nonmuscle
myosm IIA, IIB and IIC [15] Interestingly, we
found that TRPM7 phosphorylates all three
nonmuscle myosin II isoforms on residues that
are important for filament assembly (Chapter
5) Thus, TRPM7 has the potential to regulate
myosin IIA, IIB and IlC-mediated contractility
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juxtamembrane ring containing cytoskeletal
linker proteins at the cytosolic leaflet that are
connected via integrins to the extracellular
matrix [13,26]. TRPM7 localizes to podosomes
where it is part of a large cytoskeletal complex
containing numerous constituent proteins of
either the podosome core including the Arp2/3
complex, gelsolin or the podosome ring
including tropomyosins (Chapters 2 and 6).
Notably, inactivation of the TRPM7 kinase,
which prevents the formation of podosomes,
interferes with its interaction with the
actomyosin cytoskeleton (Chapter 2). We
propose that massive autophosphorylation of
TRPM7 within the regulatory domain exposes
a docking site for components of the
actomyosin cytoskeleton and cell adhesion
structures (Chapter 7). Thus, although the
kinase-dependent effects of TRPM7 on the
actomyosin cytoskeleton and cell adhesion are
most probably due to the phosphorylation of
downstream target proteins such as myosin II,
we cannot exclude that like other ion transport
proteins, TRPM7 serves as a molecular
scaffold for the assembly of protein complexes
controlling cell adhesion.
Association of TRPM7 with components
Our proteomic analysis of the TRPM7
of podosomes and invadopodia
interactome identified several proteins that
Ion transport proteins operate within large
have yet to be associated with podosomes. In
macromolecular complexes where they
particular, we detected another regulator of
regulate many cellular processes including the
actomyosin contractility namely pll6 R,p in the
organization of the actomyosin cytoskeleton
TRPM7 complex. pll6 Rlp promotes cytoske[22,23]. Ion transport proteins are also actively
letal relaxation by controlling Rho activity and
involved in the assembly of protein complexes
targeting the MLC phosphatase complex to the
by serving as molecular scaffolds. Therefore,
actomyosin cytoskeleton [2]. Interestingly, we
regulation of cellular function occurs both via
found that pi 16 p is also present in the
pathways dependent and independent of ion
podosome ring where numerous regulators of
transport activity [24,25].
actomyosin contractility are located including
Rho, TRPM7 and myosin II. Thus a single
Podosomes and invadopodia1, which are
protein complex is present in podosome rings,
observed in monocyte-derived cells and many
which regulates myosin II activity at multiple
invasive cancer cells, are specialized celllevels. These results further underscore the link
extracellular matrix adhesions adapted for cell
between TRPM7, myosin II regulation and
invasion [13,26]. These adhesion structures are
podosome biogenesis. In addition, we detected
macromolecular complexes consisting of an Fseveral proteins that are differentially
actin dense core surrounded by a
expressed during tumor progression, invasion
and metastasis including a-actinin 4, EPLIN
1
Few defining features distinguish podosomes from
and SipalLl (Chapter 6; [28-30]). It will be
invadopodia especially with regard to their molecular
interesting to further investigate the functional
composition and organization [26, 27]. For simplicity, I
relationship between the TRPM7 interactome,
refer to podosomes without making a distinction with
invadopodia. Novel components of podosomes are likely
podosomes and tumor progression.

Since NlE-115 neuroblastoma cells express all
three nonmuscle myosin II isoforms which
colocalize to podosomes with TRPM7 (Chapter
6), the identity of the nonmuscle myosin II
isoform responsible for controlling podosome
biogenesis remains unknown. Unfortunately,
blebbistatin inhibits all three myosin II
isoforms [16,17]. Genetic approaches such as
RNA interference will provide further insight
into the identity of the myosin II isoform
responsible for the phenotype observed in
N1E-115/TRPM7 cells.
Several kinases including casein kinase II,
protein kinase C (PKC) and TRPM7
phosphorylate myosin II to interfere with
filament assembly ([18-20] and Chapters
2,4,5). Moreover, activation of PKC and
TRPM7 leads to the formation of podosomes in
mammalian cells [10,21]. Understanding the
cross-talk between these different signaling
pathways remain challenges for future
research. Establishing excellent phosphospecific antibodies against the target sites for
the respective kinases will be essential to
answering this question.

to also be present in invadopodia.
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ACTIVATION
CHANNELS

OF

TRPM7

MHCII phosphorylation is stimulated in
mammalian cells by phosphohpase C (PLC)coupled
receptor
agonists
[31]
We
demonstrated that these agonists activate
TRPM7 channels in intact cells (Chapter 3)
These results are at the center of a controversy
about the molecular mechanisms regulating
TRPM7 channels in mammalian cells
TRPM7 channels are inhibited by
physiological concentrations of Mg2+ and
Mg2+-nucleotide complexes that result in the
detection of very small currents in intact cells
[32-34] To circumvent this problem, many
groups have selected to study TRPM7
transiently overexpressed in HEK293 cells in
the whole-cell patch clamp configuration This
technique involves the removal of an area of
plasma membrane allowmg access to the
cytosol of the cell Perfusion with Mg2+ free
solutions leads to a decrease in Mg2+
concentration and the opening of TRPM7
channels [32-34] Subsequently, the response
of TRPM7 channels to receptor stimulation can
be investigated Independent studies came to
very different conclusions with regards to the
regulation of TRPM7 channels Initially,
Runnels and coworkers reported that TRPM7
channels, which were pre-activated by Mg2+
depletion, are inactivated by PLC-mediated
PIP2 hydrolysis [35] In contrast, Takezawa and
colleagues found no role for PLC, rather they
proposed that elevation of cAMP activates
TRPM7 channels [36] However, neither report
is consistent with our electrophysiological,
biochemical and cell biological observations on
the regulation of TRPM7 channels in living
cells (Chapters 2 and 3) We found that under
physiological Mg2+ concentrations, TRPM7
channels are activated rather than inhibited by
PIP2 hydrolysis Moreover, agonists that raise
cAMP levels had no effect on TRPM7
channels m living cells We conclude that PLCmediated hydrolysis of PIP2 activates the
opening of TRPM7 channels in living cells
Our investigation is the first to study the
role of receptor stimulation on the activation of
TRPM7 channels using non-invasive techmques that maintain physiological Mg2+
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concentrations (Chapter 3) The results have
major consequences for the TRPM7 field and,
potentially, TRPM6 since the electrophysiological properties of this channel are very
similar to TRPM7 [37] Our results
demonstrate that TRPM7 channels preactivated by Mg2+ depletion respond differently
to agonist stimulation than resting TRPM7
channels in intact cells (Chapter 3) Therefore,
results generated using whole-cell patch clamp
on the regulation of TRPM7 channels should
be confirmed in living cells
Although PLC-mediated PIP2 hydrolysis
correlates with the opening of TRPM7
channels, the molecular mechanism underlying
this process remains elusive Future work
should be directed towards understanding the
component of this signaling cascade
responsible for activating TRPM7 To date, it
is unknown whether it is the change in PIP2
concentrations in the plasma membrane that
triggers TRPM7 channel opening or its
breakdown products, diacylglycerol (DAG)
and IP3, or activation of pathways dependent
on these second messengers Moreover, it is
unknown whether TRPM7 activation occurs
solely via G protein-coupled receptors
(GPCR)-mediated activation of PLC or
whether receptor tyrosine kinases (RTK) which
couple to PLC also stimulate TRPM7 channels
Recently, a quantitative phosphoproteomic
analysis revealed that TRPM7 is phosphorylated in response to EGF stimulation of cells
[38] These results suggest that TRPM7 is also
regulated by RTK Notably, EGF induces the
formation of invadopodia in metastatic
carcmoma cells [39], which further suggests a
link between TRPM7 and tumor cell invasion
Finally, although we found no role for the
cAMP signaling axis in activating TRPM7
channels in intact cells, it remains plausible
that the cAMP and PIP2 signaling pathways
may cross-talk to regulate the gating of
TRPM7 channels A better understanding of
the molecular mechanisms regulating TRPM7
channels will provide further insight into the
biological role of this unique protein
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ARCHITECTURE
CHANNELS

OF

TRPM7

TRP channels form homo- and heterotetramers,
which have distinct electrophysiological and
functional properties [40] The architecture of
TRP channels present at the cell surface is
complex and remains poorly defined It is
therefore difficult to predict the configuration
of the channel when overexpressing a TRP
protein
When co-expressed in mammalian cells,
TRPM7 forms heterotetramenc channels with
TRPM6 [41-43] Notably, we detected TRPM6
mRNA in our mouse neuroblastoma model cell
line (Langeslag et al, unpublished data) and
found TRPM6 in TRPM7 immunoprecipitations suggesting that TRPM6 and TRPM7
associate in neuroblastoma cells (Clark et al,
unpublished data) TRPM6 also phosphorylates
myosin IIA, IIB and HC heavy chains on the
same residues as TRPM7 (Chapter 5) Taken
together, our results suggest that TRPM6 and
TRPM7 containing channels may be
responsible for the regulation of actomyosin
contractility and cell adhesion Since the
different cellular functions reported for
TRPM7 may in part be due to its ability to
oligomenze with other TRP proteins, it will be
important to identify the composition of
TRPM7 channels responsible for regulating
actomyosin contractility and cell adhesion
TRPM7 is ubiquitously expressed whereas
TRPM6 has a limited expression pattern with
highest expression levels detected in the brain,
intestine and kidneys [44] Hence, an
investigation into the role of TRPM7 in
regulating the actomyosin cytoskeleton in
multiple cell types with varying TRPM6
expression levels will establish both the
requirement for TRPM6 and the generality of
this process in mammalian cells

SUBSTRATES OF THE TRPM7
KINASE
A major goal of the post-genomic era is to
identify all the kinase-substrate pairs along
with their cellular functions In general, the
substrates of mammalian α-kinases are poorly
defined Here, we demonstrate that TRPM7

phosphorylates the assembly domains of
myosm IIA, IIB and IIC heavy chains (Chap
ters 4 and 5) However, m contrast to MHCII
kinases in Dictyostelium [6,7], which only have
a single reported substrate, TRPM7 appears to
phosphorylate a larger set of proteins In
addition to nonmuscle myosin II isoforms,
TRPM7 also phosphorylates annexin I and ßactin [45,46] Interestingly, all these substrates
are either integral components or regulators of
the actomyosin cytoskeleton These studies
suggest a broad role for TRPM7 in the
regulation of the actomyosin cytoskeleton
A current limitation is that all TRPM7
substrates have been characterized in vitro
However, several lines of evidence suggest that
the TRPM7 kinase reactions are highly specific
(Chapters 4 and 5) TRPM7 does not
phosphorylate non-relevant substrates such as
GST
Moreover,
TRPM7
exclusively
phosphorylates the C-terminus of each
nonmuscle myosin II isoform even though
other regions contain numerous phosphoacceptor sites Phosphomapping expenments
demonstrated that the multiple phosphorylation
sites within the C-terminus are concentrated
within short stretches of amino acids rather
than being scattered throughout the myosin II
tails Finally, TRPM7 does not phosphorylate
substrates of α-kinases that have distinct
cellular functions such as eEF-2 kinase
Future research should be aimed at
completing the inventonzation of TRPM7
substrates and subsequently, validating these
proteins as in vivo substrates of the TRPM7
kinase Ideally, phosphospecific antibodies
against the TRPM7 phosphorylation sites will
provide the means to dissect the temporal and
spatial regulation of these phosphorylation
events in mammalian cells

RELATIONSHIP BETWEEN THE
TRPM7 CHANNEL AND KINASE
DOMAINS
TRPM7 encodes a TRP cationic channel fused
to an α-kinase It is unlikely that these two
functional entities of TRPM7 operate
separately Therefore, a major goal is to
establish the relationship between the TRP
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channel and kinase domains within TRPM7
This central issue in the field of TRPM7 is
highly debated with conflicting reports
providing evidence for scenarios ranging from
a requirement of kinase activity for channel
opening to a dissociation of channel gating
from kinase activity [34,47-49] However, a
consensus in the field is emerging which states
that the kinase activity is not essential for
opening of TRPM7 channels [50] We have
shown that receptor-mediated activation of
TRPM7 channels is independent of kinase
activity since the TRPM7-D1775A mutant
responded to bradykinm stimulation in a
similar fashion to WT TRPM7 (Chapter 2)
Instead, our work and that of others points
towards an alternative model where the
opening of TRPM7 channels affects kinase
function Since Ca2+ does not directly influence
kinase activity [51], we propose that a local
increase in Ca2+ concentration regulates the
recruitment of TRPM7 substrates Consistent
with this model, we found that activation of
TRPM7 channels by bradykinm promotes its
association with the actomyosin cytoskeleton
in a Ca2+- and kinase-dependent manner
(Chapter 2) Enhanced phosphorylation of
myosin II will occur due to its close proximity
to the TRPM7 kinase Additional evidence for
this model has been provided by the group of
Alexey Ryazanov TRPM7 phosphorylates
annexin I and the levels of phosphorylation are
dependent on Ca2+ concentration [45] Annexin
I binds Ca2+, which leads to a conformational
change exposing the target residue to the
TRPM7 kinase [45] In conclusion, TRPM7
channel opening regulates kinase activity by
controlling the recruitment of its substrates

REGULATION
OF
TRPM7
PROTEIN KINASE ACTIVITY BY
AUTOPHOSPHORYLATION
To date, the great majority of investigations on
TRPM7 have focused on the regulation of
channel gating with few studies reporting on
TRPM7 kinase activity In this thesis, I provide
the first account on the molecular mechanisms
regulating the protein kinase activity of
TRPM7 (Chapter 7) Collectively, our results
140

are consistent with a model where massive
autophosphorylation outside the catalytic
domain generates a charge-dependent docking
site for substrates such as myosin II The
recruitment of substrates greatly enhances their
phosphorylation by TRPM7 Notably, this
model
explains
our
recent findings
demonstrating that TRPM7 associates with its
substrate myosin II in cells via a kinasedependent mechanism (Chapter 2)
TRPM7 is highly homologous to TRPM6
displaying 50% identity and 64% similarity
within the amino acid sequence However, a
stretch of 300 amino acids located between the
TRP and kinase domains within the cytosolic
C-terminal tail shows no conservation in
primary structure (Chapter 7) This region
contams the substrate recognition domain of
the TRPM7 kinase
Surprisingly, we
discovered that the TRPM6 kinase is regulated
by a mechanism analogous to the one
controlling TRPM7 (Chapter 7) Understanding
the recognition of substrates by TRPM6 and
TRPM7 at the structural level and identifying
the reason for the divergence in sequence
between the regulatory domains of TRPM6 and
TRPM7 remain challenges for future research
In addition to advancing our understanding
of TRPM6 and TRPM7, the work has practical
implications Although the phosphorylation of
substrates is observed with the isolated kinase
domain, our results demonstrate that much
higher levels of substrate phosphorylation are
achieved when a construct containing both the
regulatory and catalytic domains is used in
kinase reactions Moreover, the detection of
substrates by TRPM6 and TRPM7 via a
recognition interface may also contribute to
substrate specificity Therefore, these findings
should be kept in mind when experimental
approaches such as KESTREL [52] are being
developed to identify novel physiological
substrates of either the TRPM6 or TRPM7
kinase

TRPIVI7: A NOVEL REGULATOR
OF TENSIONAL HOMEOSTASIS
What is the biological role of TRPM7'? TRP
channels are cellular sensors responding to
stimuli such as temperature, taste, touch, pain,
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TRPM7

t

Adhesion Complex
TRPM7 Substrate

\

/Actomyosin
-VlsllMliyUOIII
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eg. Annexin-I

Ca2*-Activated Protein
e.g. Caipam

Figure 1. TRPM7 signaling in response to mechanical force. (A) At steady-state, a small number of TRPM7
channels is localized at the cell surface near adhesion structures with a pool of TRPM7 channels present in vesicles. (B)
Upon exposure of cells to mechanical stress, such as increasing the flow of extracellular fluid, the population of
TRPM7 channels in proximity to adhesion structures increases as a result of the fusion of vesicles with the plasma
membrane. TRPM7 activation leads to two responses: (i) the channels open, resultmg in local elevations of
intracellular Ca2+ levels and (ii) TRPM7 undergoes autophosphorylation allowing it to associate with the actomyosin
cytoskeleton. (C) Subsequently, Ca2+-dependent proteins will be activated by the high cytosolic Ca2+ concentrations
and TRPM7 will phosphoiylate its substrates including myosin II. The end result of this signaling pathway is relaxation
of the actomyosin cytoskeleton, which in turn affects cell adhesion and migration.
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osmolality and mechanical stress [53,54].
Integration of our findings with a survey of
recent literature suggests that TRPM7 has a
role in the maintenance of tensional
homeostasis, which might occur by sensing
mechanical force and, in response, relaxing the
actomyosin cytoskeleton (Fig. 1). This process
may be important for the function of
mechanosensitive organs.
TRPM7 channels are activated by
mechanical force [55,56]. Exposure of cells to
mechanical stress leads to the opening of
TRPM7 channels, which may occur by a direct
effect of force transmitted either through the
bilayer of the plasma membrane or the
actomyosin
cytoskeleton
on
channel
conformation [57]. However, activation of
TRPM7 channels may occur indirectly via the
triggering of GPCR such as the bradykinin
receptors [58]. These receptors can activate
downstream signaling pathways in the absence
of ligand when subjected to mechanical stress
[59]. The currents are amplified by the delivery
of TRPM7 channels to the cell surface via the
fusion of vesicles with the plasma membrane
[60]. The opening of TRPM7 channels
mediates Ca2+-influx resulting in a local rise in
cytosolic Ca2+ concentration, which activate
Ca2+-dependent proteins such as calpains
[14,21]. In addition, a Ca2+- and kinasedependent association between TRPM7 and the
actomyosin cytoskeleton occurs in close
proximity to adhesion structures [14,21].
Subsequently, the TRPM7 kinase domain
phosphorylates substrates such as the MHCII
α-helical tail [21,45]. Activation of TRPM7
leads to a kinase-dependent inhibition of
myosin II-based contractility and the remo
deling of adhesion structures such as focal
adhesions and podosomes [14,21]. These cellextracellular matrix contacts are important sites
at which cells sense and respond to externally
applied force consistent with a role for TRPM7
in mechanotransduction. Genetic studies
provide further support for this concept.
Mutations of TRPM7 in zebrafish lead to
defects in mechanosensitive organs including
the kidneys and skeleton and affect responses
to touch [61]. In conclusion, TRPM7 may act
to maintain tensional homeostasis by regulating
actomyosin contractility required for the
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development, maintenance and function of
mechanosensitive tissues.

CONCLUDING REMARKS
The evidence collected in this thesis
demonstrates that in response to receptor
stimulation, TRPM7 promotes relaxation of the
actomyosin cytoskeleton leading to a
remodeling of cell adhesion structures. The
inhibition of myosin II-based contractility
involves, at least in part, myosin II heavy chain
phosphorylation. Future experiments should be
aimed at further defining the signaling
pathways leading to the activation of TRPM7
and its consequence on cell behavior including
cell adhesion, migration and invasion.
Understanding the role of TRPM7 protein
assemblies in regulating the actomyosin
cytoskeleton and cell adhesion is an integral
component of this research topic. Ultimately,
these investigations may identify TRPM7 as a
potential drug target for diseases such as
cancer.
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SAMENVATTING
Het actomyosine cytoskelet is een intracellulair
netwerk dat is opgebouwd uit actine filamenten
en myosme motor eiwitten Dit cytoskelet
verleent structurele integriteit aan de cel en
genereert mechanische kracht ten behoeve van
algemene cellulaire functies Myosine motors
zetten chemische energie in de vorm van ATP
om in mechanische kracht Deze kracht is
vereist voor het verloop van vele processen,
waaronder eiwit- en membraan transport,
celdeling, celadhesie en migratie Contractie
van het cytoskelet is in belangrijke mate
afhankelijk van myosme II Een gecoördineerde regulatie van dit motoreiwit is daarom
essentieel voor het functioneren van de cel
Verstoorde regulatie van myosine II kan
aanleiding geven tot een aantal ziekten,
waaronder kanker Een gedetailleerd inzicht in
de (complexe) regulatie van myosine II
activiteit kan daarom bijdragen aan het
identificeren van nieuwe therapeutische targets
voor deze aandoeningen
Actief myosine II bestaat uit zgn bipolaire
filamenten die corticale spanning genereren
door associatie met en samentrekken van
tegengesteld georiënteerde actine filamenten
De lokalisatie en assemblage van myosine II
filamenten wordt in lagere eukaryoten, zoals de
amoebe Dictyostehum, gereguleerd door een
groep kinases bekend als 'Myosin Heavy Chain
Kinases (MHCK)' Deze kinases fosforyleren
het coiled-coil domein van de myosine II zware
keten, beter bekend als 'myosm II heavy chain'
(MHCII) Dictyostehum MHC kinases behoren
tot een aparte tak in de kinase superfamihe,
bekend als α-kinases Het kinase domein van
deze α-kinases, wijkt sterk af van dat van meer
conventionele kinases, met uitzondering van
het ATP-bindings domein α-kinases ontlenen
hun naam aan het feit dat ze bij voorkeur senne
en threonine residuen in de context van een ahelix fosforyleren Het is nog onbekend of akinases ook in zoogdier cellen betrokken zijn
bij de regulatie van contractihteit
Hoewel myosine II activiteit in zoogdieren
voornamelijk wordt gereguleerd door fosforylenng van de lichte ketens (light chains), zijn er
belangrijke aanwijzingen voor een rol van
zware keten (MHCII) fosforylenng in de

regulatie van myosine II Onze groep heeft
eerder laten zien dat fosfohpase C (PLC)gekoppelde receptor agomsten een C a +
afhankelijke fosforylenng van de zware keten
induceren, die gepaard gaat met het
uiteenvallen van myosine II filamenten In dit
proefschrift is de rol van het TRPM7 eiwit
onderzocht TRPM7 is een cation kanaal dat in
de cytoplasmatische C-terminus een α-kinase
domein bevat dat grote overeenkomst vertoont
met MHC II kinases in Dictyostehum Deze
combinatie van een α-kinase en een cation
kanaal zou de eerder aangetoonde relatie tussen
Ca2+ signalenng en myosine zware keten
fosforylenng kunnen verklaren In deze studie
wordt daarom dieper ingegaan op de rol van
TRPM7 bij de regulatie van myosine II
afhankelijke cel contractie in zoogdieren
Hoofdstuk 1 geeft een algemene
introductie in de biologie van myosine II Er
wordt ingegaan op nieuwe opvattingen over rol
die actomyosine contractie speelt in de cel en
de signaal transductie routes die verant
woordelijk zijn voor de regulatie van myosine
II activiteit Tevens wordt in dit hoofdstuk
aandacht besteed aan de mogelijke betrok
kenheid van TRPM7 bij deze processen
In Hoofdstuk 2 identificeren we TRPM7
als een nieuwe regulator van actomyosine
contractihteit en cel adhesie Elektrofysio
logische, biochemische en cellulaire expenmenten tonen aan dat TRPM7 de relaxatie van
het actomyosine cytoskelet bevordert wat een
gevolg is van een kinase-afhankelijke remming
van myosine II functie TRPM7 activatie door
bradykinine, een activator van fosphohpase C,
leidt tot een Ca2+ en kinase afhankelijke
interactie met het actomyosine cytoskelet
Bovendien fosforyleert TRPM7 direct de
Myosine IIA Heavy Chain (MHCIIA) Een
geringe overexpressie van TRPM7 leidt
dienovereenkomstig tot een verhoogde intracel
lulaire Ca2+ concentratie die gepaard gaat met
celspreiding, adhesie en de vorming van
adhesie complexen die bekend staan als 'focal
adhesions' Activatie van TRPM7 induceert de
transformatie van deze 'focal adhesions' tot
podosomen, een ander type adhesiestructuren
Deze verandering in cel adhesie structuren is
kinase afhankelijk en kan worden nagebootst
door myosine II functie farmacologisch te
147
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remmen Hieruit kan worden geconcludeerd dat
regulatie van celadhesie door TRPM7 een
gevolg is van zowel kinase afhankelijke als
onafhankelijke effecten op het actomyosine
cytoskelet
Onze biochemische en celbiologische
bevindingen zijn niet in overeenkomst met
resultaten uit elders gerapporteerde 'wholecell' patch clamp expenmenten, waann de
stimulatie door PLC-gekoppelde receptor
agonisten zoals bradykinine leidt tot sluiting
van TRPM7 Hoofdstuk 3 gaat dieper in op de
regulatie van TRPM7 kanalen door PLCgekoppelde receptor agonisten
Daartoe
combineren we verschillende met-invasieve
technieken zoals FRET, Ca2+ fluorometne en
'perforated patch clamping' We tonen aan dat
de opening van TRPM7 kanalen, onder nietinvasieve perforated patch clamp condities,
nauw gecorreleerd is met PLC activatie Deze
opening is niet gecorreleerd met andere boodschappers, zoals cyclisch AMP en cyclisch
GMP Het remmende effect van PLC wordt
alleen gevonden in 'whole-cell' expenmenten
waar PIP2 resynthese wordt geremd als gevolg
van artificieel lage intracellulaire Mg2+ concentraties Hieruit concluderen wij dat onder
fysiologische ion condities TRPM7 kanalen
worden geopend door PLC gekoppelde
receptor agonisten
In Hoofdstuk 4 richten we ons op het
moleculaire mechanisme waarmee TRPM7 de
activiteit van 'nonmuscle' myosme IIA beïnvloedt We tonen aan dat TRPM7 de voor
filament stabiliteit essentiële COOH-terminus
van zowel muis als mens MHCIIA fosforyleert
TRPM7 fosforyleert ThrlSOO, Seri803 en
Seri808 in het coiled-coil domein van de
MCHIIA zware keten, wat leidt tot het
uiteenvallen van filamenten en een herverdeling van het eiwit in zoogdiercellen
Samenvattend laten onze resultaten zien dat
TRPM7 de stabiliteit en lokalisatie van
myosine IIA filamenten reguleert d m v de
fosforylenng van een zeer korte aminozuursequentie in het meest C-terminale gedeelte
van het α-helix domein in MHCIIA
Het genoom van zoogdieren bevat 3
nonmuscle myosme II isovormen In
Hoofdstuk 5 onderzoeken we of TRPM7,
naast myosine IIA, ook de andere isovormen
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kan fosforyleren Daarnaast testen we of het
zeer verwante kanaal-kinase TRPM6 dezelfde
substraat specificiteit vertoont We tonen aan
dat TRPM7 de geconserveerde aminozuursequentie binnen het assemblage domein van
zowel de MHCIIA als de MHCIIB en IIC
fosforyleert Bovendien fosforyleert TRPM7 de
niet a-hehsche uiteinden van MHCIIB en IIC
waardoor deze 10 maal sterker worden
gefosforyleerd dan de MHCIIA Als laatste
tonen we aan dat TRPM7 substraat specificiteit
deelt met TRPM6 maar niet met functioneel
niet verwante α-kinases zoals eEF-2 kinase
Om de relatie tussen TRPM7 en het
actomyosine cytoskelet beter te kunnen
begrijpen, is de met TRPM7 geassocieerde
actomyosine fractie onderworpen aan een
gedetailleerde proteoom analyse, zoals staat
beschreven in Hoofdstuk 6 Onze resultaten
tonen aan dat TRPM7 deel uit maakt van een
groot mechano-regulatoir complex Naast
actine en de dne nonmuscle myosine II
isovormen is een groot aantal andere
(cytoskelet) eiwitten geïdentificeerd
Het
complex bevat onder meer eiwitten betrokken
bij de regulatie van actomyosine contractie,
actine polymerisatie maar ook structurele
componenten
van
cel-matnx
adhesies
Bovendien is pll6 Rip , een eiwit betrokken bij
actomyosine regulatie, geïdentificeerd als
nieuwe component van podosomen
Hoewel de regulatie van TRPM6 en
TRPM7 uitvoerig is bestudeerd, zijn de voor
kinase activiteit verantwoordelijke moleculaire
mechanismen grotendeels onbekend
In
Hoofdstuk 7 toetsen we de hypothese dat
autofosforylenng een hoofdrol speelt bij
substraat herkenning door TRPM6 en TRPM7
kinases Onze resultaten zijn m overeenstemming met een model waann een direct aan het
N-terminale uiteinde van het katalytische
domein grenzende aminozuur-sequentie wordt
gefosforyleerd door het kinase zelf, waarmee
een elektrostatische interactieplaats ontstaat
voor substraten zoals myosine II Verstonng
van deze interactieplaats leidt tot een sterk
gereduceerde substraat fosforylenng
In Hoofdstuk 8 worden de in dit
proefschnft besproken bevindingen geïntegreerd in een overkoepelend model en worden
ideeën geopperd, die kunnen bijdragen aan de
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verdere bestudering van de relatie tussen
TRPM7, het actomyosine cytoskelet en cel
adhesie.
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