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Abstract
Background: Creatine Kinases (CK) catalyze the reversible transfer of high-energy phosphate groups between ATP and
phosphocreatine, thereby playing a storage and distribution role in cellular energetics. Brain-type CK (CK-B) deficiency is
coupled to loss of function in neural cell circuits, altered bone-remodeling by osteoclasts and complement-mediated
phagocytotic activity of macrophages, processes sharing dependency on actomyosin dynamics.
Methodology/Principal Findings: Here, we provide evidence for direct coupling between CK-B and actomyosin activities in
cortical microdomains of astrocytes and fibroblasts during spreading and migration. CK-B transiently accumulates in
membrane ruffles and ablation of CK-B activity affects spreading and migration performance. Complementation
experiments in CK-B-deficient fibroblasts, using new strategies to force protein relocalization from cytosol to cortical sites at
membranes, confirmed the contribution of compartmentalized CK-B to cell morphogenetic dynamics.
Conclusion/Significance: Our results provide evidence that local cytoskeletal dynamics during cell motility is coupled to onsite availability of ATP generated by CK-B.
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formation and dissipation of these higher-order structures involves
a broad set of actin-binding proteins, like filamins, Arp2/3, cofilin,
profilin and capping proteins, all regulating specific steps of actin
dynamics [4,6]. In concert with this actin machinery, molecular
motor proteins like the non-muscle myosin-II and -X generate the
periodically contractile force and provide the cargo-transport role
that is important for fate specification of lamellipodia and filopodia
during cell migration and adhesion [7,8].
For the dynamic polymerization and filament-bundling of the
actin cytoskeleton and for the control of movement and force
generation by associated non-muscle myosin ATPases appropriate
spatiotemporal regulation of ATP supply is needed [5,9,10].
Indeed, the weight of evidence in various studies now argues in
favor of a model in which up to 50% of cellular energy
expenditure via ATP hydrolysis is required for actomyosin
dynamics in cell types with a constantly changing morphology,
like neurons, astrocytes and immune cells [11,12].
The intensively fluctuating rate of ATP turnover in mammalian
cells with a high energy demand requires a robust system for
supply, storage and distribution of energy in the form of highenergy phosphate compounds [13,14]. Besides by direct genera-

Introduction
Distinctly different processes like protrusion and retraction of
narrow surface projections by astrocytes, development of invadopodia by malignant cancer cells, pathogen binding and formation
of phagocytic cups by macrophages, and the generation of
protrusive structures at leading edges of migrating or extending
cells share that they are driven by extensive local remodeling of the
actin cytoskeleton [1,2]. Central to the cytoskeletal dynamics in
these protrusive structures, commonly involving formation of
lamellipodia or filopodia, is the highly regulated actin cytoskeleton
assembly, controlled by a dynamic balance between the addition
of ATP-bound G-actin to the plus (i.e. ‘‘barbed’’) end of a filament,
the dissociation of ADP-actin from the minus end of the polymer,
and the retrograde flow of the actin filament bundle [3–5]. In this
process there is tight coupling to the intrinsic ATP hydrolysis
capacity of individual actin subunits in the F-actin filament.
Ultimately, the dynamic sheet and finger-like shape alterations
that are characteristic for lamellipodial and filopodial protrusions
are determined by branching, cross-linking and bundling of the
linear actin filaments. The tight spatial and temporal control of the
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tion of ATP via glycolytic kinases, or OXPHOS activity in the
mitochondrial network, cells also fulfill this need via adenylate
kinase (AK)-catalyzed phosphotransfer between the c and b
phosphate groups of ATP and ADP, or by creatine kinase (CK)catalyzed phosphotransfer between phosphocreatine and ATP
[15]. CK and AK circuits demonstrate both redundancy and
specialization in their ATP generating functions [16,17].
As shown by experiments in muscle tissue of AK-knockout
mouse models, AK activity has an important role in the control of
energetic economy [18], and recently we found that local AK1
expression facilitates motility of fibroblasts [19]. Muscle-type CKs
(CK-M) have an important role in the control of contractile burst
activity via maintenance of optimal local ATP/ADP ratios close to
myosin ATPases in the contractile apparatus or by providing
Ca2+-ATPases preferential access to ATP for calcium sequestration [20,21]. Another CK, the brain-type isoform (CK-B,
expressed in a range of cell types), may have similar roles in
fueling of ATP-dependent cytoskeletal processes in non-muscle
cells like oligodendrocytes, astrocytes, macrophages, osteoclasts
and tumor cells, Functionally, CK-B is connected to spatial
memory acquisition and behavior, development of the hippocampus, functioning of hair bundle cells in the auditory system,
phagocytosis and bone resorption [22–27]. Despite extensive
studies, the exact mechanisms by which CK-B activity controls
these processes are still incompletely understood. A role in direct
coupling of ATP supply to actin-myosin dynamics is by far the
most likely mechanism since cytoskeletal activity is central to all
processes named above.

Here, we provide evidence for a direct mechanistic connection
between CK-B mediated phosphotransfer activity and local actin
remodeling during cell migration and morphological changes. We
show that the subcellular distribution of CK-B partially overlaps
with that of dynamic actin in protrusion-active cortical areas of
astrocytes and fibroblasts, but not with static F-actin of stress fibers
in these cells. CK-B activity in astrocytes and fibroblasts directly
facilitates actomyosin-driven motility, as demonstrated by cell
spreading and migration assays. Additionally, by using deliberate
positional swapping of CK-B from a cytosolic to membrane-bound
location, we show that spatial confinement of CK-B activity
controls local actin dynamics and therewith determines morphology and migration behavior.

Results
CK-B expression in cultured primary astrocytes
Within the brain, CK-B is expressed at high levels in astrocytes
[23,28], which -in the in vivo context- are cells with highly dynamic
surface extensions. We applied Western blot analysis to confirm
that CK-B protein expression is also high in cultured primary
astrocytes, in vitro. As anticipated, astrocytes derived from wild type
(WT) mice gave a prominent signal, while control astrocytes
derived from CK-B deficient mice [23] displayed no CK-B
expression (Figure 1A). Immunostaining of CK-B in astrocytes
revealed a diffuse cytoplasmic staining in most cells and strikingly,
a number of cells displayed CK-B accumulation in peripheral
patches. A magnification of the relevant cell area shows that these

Figure 1. CK-B expression and localization in cultured astrocytes. (A) WT Brain tissue, cultured WT and CK-B knockout (CK-B2/2) astrocytes
were analyzed for endogenous CK-B expression by Western blotting. GAPDH re-probing was used as protein loading control. (B) Astrocytes costained for CK-B (immunostaining) and F-actin (phalloidin). CK-B expression is cytosolic and additionally observed in peripheral patches that also stain
positive for F-actin. Merge images of indicated panel revealed partial co-localization of CK-B and F-actin in peripheral patches but not in stress fibers.
Lower panels show single stainings of same area. Bar, 10 mm.
doi:10.1371/journal.pone.0005030.g001
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partially co-localize with phalloidin-stained actin. Interestingly, no
overlap in localization was observed between the more prominent
static actin stress-fibers and CK-B (Figure 1B).

podial sheets and thin protrusions are formed, which are integrinand receptor-rich and serve to probe the surrounding matrix and
promote cell adhesion. Because cytochalasin D prevented
astrocyte attachment in the conventional assay we used an
approach by which fibronectin (FN)-coated beads were applied
onto astrocytes as an ‘‘inverted adherence’’ assay [31]. In mock
treated cells, CK-B and F-actin accumulated together at sites
where FN-beads bound the cell membrane. In contrast, accumulation of F-actin and CK-B around beads was virtually absent in
cells treated with cytochalasin D (Figure 2) confirming the
coupling between local CK-B accumulation and local actin
dynamics.

CK-B co-localizes with cortical actin and facilitates
spreading of astrocytes
To study the possible coupling between CK-B accumulation
and local actin dynamics in more detail, we analyzed astrocyte
spreading in presence and absence of cytochalasin D, an inhibitor
of actin polymerization. We took cell spreading as this is a process
that is partially analogous to cell migration and dependent on
actomyosin dynamics [29,30]. During spreading, broad lamelli-

Figure 2. CK-B accumulation is F-actin dependent. WT astrocytes exposed to FN-coated latex beads were co-stained for CK-B (immunostaining)
and F-actin (phalloidin). Both CK-B and F-actin accumulated around the beads (arrows). Cytochalasin D (10 mM) treated wild type astrocytes (lower
panels) lack accumulation of CK-B and F-actin around FN-beads (arrows). Bar, 10 mm.
doi:10.1371/journal.pone.0005030.g002
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To study the functional contribution of CK-B to astrocyte
spreading, we performed cell spreading assays using WT and CKB deficient (2/2) astrocytes. As shown in Figure 3, CK-B
deficient cells consistently spreaded slower than their WT
counterparts on both FN and laminin (Lam) although morphological appearances differed on both substrates. Under the
experimental conditions used, the average area occupied by CKB deficient cells was 27% smaller on FN and 24% smaller on Lam
compared to WT cells (Figure 3B and E respectively; p,0.01;
N = 3). Intriguingly, in most cells, a fraction of CK-B and F-actin
jointly accumulated to ruffles at the periphery in actively spreading
cells, i.e. in areas where actin-based structures are most dynamic
(Figure 3C and F). It is of note, that for both matrixes we never
observed co-localization of CK-B with actin stress fibers. We
consider these data in support of a link between actin
polymerisation dynamics and recruitment of CK-B activity in
sub-cortical microdomains of astrocytes during spreading.

times higher than that of endogenous CK-B in WT MEFs
(Figure 5B). Importantly, CK activity in cells complemented with
MYR-CK-B was about 30% lower than that in cells complemented with CK-B (normalized for CK-B expression levels; Figure 5C).
This finding can be most easily explained by the observation that
CKs expressed as N-terminal fusion proteins like b-galactosidase,
GST or other peptide tags generally have a somewhat lower
specific enzymatic activity (data not shown). Staining with CK-B
specific antibodies or direct visualization of YFP fluorescence
revealed a diffuse cytosolic distribution for CK-B and YFP in the
MEF-CK-B and MEF-YFP cell pools, as anticipated. Analysis of
MYR-CK-B and MYR-YFP cell lines confirmed that a significant
part of CK-B and YFP protein was located at plasma and
organellar membranes (Figure 5D).
Migration analysis (presented in Figure 6A (left panels) and
Figure 6B) showed that re-expression of CK-B doubled the fibroblast
migration capacity as compared to YFP-complemented controls
(513623 vs. 246633 mm; p,0.001). This result corroborates the
astrocyte migration data and underscores that our findings on CK-B
effects can be extrapolated to other cell types. Interestingly, anchoring
of CK-B to membranes (MYR-CK-B), thereby mimicking the
change in distribution that occurs naturally in motile cells with CK-B,
had a clear stimulatory effect on motility (Figure 6A and B, Video S2).
Migration distances in MYR-CK-B cells were increased by a factor
2.4 (623628 vs 262621 mm, p,0.001) when compared to control
MYR-YFP cells and also significantly enhanced compared to cells
with non-tagged CK-B (21%, p,0.01). As indicated above, this latter
effect could be even underestimated, because overall enzymatic
activity in cells with MYR-CK-B was 30% lower than in cells with
native CK-B. Enzymatic activity of CK-B was indispensable since
cyclocreatine completely blocked the gain in migration capacity in
both CK-B expressing cell pools (Figure 6C and D, Video S3) without
overt effects on viability or proliferation rate (Figure S1). It is of note
here that the directionality of cell movements, being the ratio of the
direct distance from start to end point to the total migrated distance,
was similar for all tested cell lines (data not shown). Thus, migratory
capacity is increased without changing the type of cell movement.
Additionally, we observed that the morphological appearance of
migrating MEF-MYR-CK-B differed from that of MEF-CK-B, and
displayed a more flat morphology with broad lamellipodia.
Quantification of the lamellipodium dimensions (width/length of
lamellipodium including lamella, measured in mm after 24 h or
migration, see Figure S2) revealed that lamellipodia in migrating
MYR-CK-B cells were broader, but not longer (ratio = 2.960.2,
p = 0.0017), compared to dimensions in cells with native CK-B, YFP
or MYR-YFP (ratios of 1.860.3, 1.560.1, 1.560.2, respectively; See
Figure 6E for quantification and Figure S2 for high magnification
images of migration fronts). In contrast, the number of lamellipodia
per cell and the tail length of migrating cells appeared unaffected by
the presence or specific localization of CK-B. To determine if any of
the observed functional consequences of altered ATP supply capacity
are also associated with matrix adhesion and extension as seen in
spreading astrocytes, we performed spreading assays with the MEF
lines (Figure S3). We observed no change in spreading capacity in
MEFs with native CK-B, but MEFs with MYR-anchored CK-B
covered a 25% larger area than MEFs without CK-B or with native
CK-B under the experimental conditions used, confirming the
importance for local CK-B in actin-dependent cell processes.

CK-B enhances migration of astrocytes
Since spreading and migration events have analogous protrusive
processes in common, we wondered whether astrocyte migration
was also affected by absence or presence of CK-B. Using the barrier
migration assay [32] we showed that WT-astrocytes migrated along
FN matrices fairly efficiently (481615 mm distance covered in
48 hr; Figure 4A and Video S1) but that astrocytes without CK-B
migrated at 46% lower rate (252622 mm distance covered in 48 hr,
open bars in Figure 4B, p,0.001). Moreover, migration distances of
WT-astrocytes decreased to similar levels as observed for knockout
cells, when cells were treated with the specific CK-inhibitor
cyclocreatine (closed bars in Figure 4B, p,0.001). We conclude
that the difference in migration capacity is most likely directly
attributable to the metabolic role of CK-B, i.e. its ATP generating
capacity. Morphologically we did not observe major differences
between migrating WT and CK-B deficient astrocytes.

Subcellular targeting of CK-B affects migration and
morphology in MEFs
Cell shape changes require highly coordinated activities of actin
machinery that is localized (close) to the plasma membrane [4].
We designed a new experimental setting to test whether the
observed recruitment of CK-B from the general cytosolic pool and
concentration of its activity at cortical regions would serve ATPdependent reactions directed to this machinery. Since primary
astrocytes have a limited life-span and are inherently difficult to
work with in permanent transfection protocols, we decided to use a
complementation strategy in mouse embryonic fibroblasts (MEFs)
from CK-B/AK1 double knockout mice (MEF-BAK2/2) to
investigate the coupling between CK-B mediated phosphotransfer
and regional cytoskeletal remodeling in greater detail.
Activity of the ATP-generating enzyme AK1, which is expressed
in MEF cells, is also linked to control of cell migration [19] and
partly interchangeable with CK activity for offering fueldemanding systems access to ATP [14]. Removal of both enzymes
therefore gave us the opportunity to study effects of redistribution
of enzymatic ATP/ADP exchange capacity without background
effects. By re-expression of CK-B in MEF-BAK2/2 cells were
generated that express either cytosolic (native) CK-B or CK-B
fused to a myristoylation (MYR)-tag, which provides a membraneanchor function and (partly) redirects the enzyme to cellular
membranes, thus enforcing accumulation of enzyme activity close
to the sites with high cortical cytoskeletal plasticity. Control cell
lines were generated by introduction of YFP variants (Figure 5A).
Expression levels of native CK-B and MYR-CK-B were
comparable between the two complemented cell lines and 2–3
PLoS ONE | www.plosone.org
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Figure 3. CK-B2/2 astrocytes spread slower than WT astrocytes. (A) Astrocytes derived from WT and CK-B(2/2) mice were compared in
quantitative cell spreading assays. Cells were seeded on FN and 30 min after seeding the cells were fixed and stained for F-actin. Bar, 100 mm. (B)
Quantification of astrocyte spreading on FN represented as a percentage of the control (see materials and methods for details), ** p,0.01. (C) WT
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astrocytes spreading on FN co-stained for CK-B and F-actin. CK-B is distributed throughout the cytoplasm and accumulation is seen at membrane
ruffles. Co-localization with cortical F-actin is shown in the merged image. Bar, 10 mm. (D) Quantitative cell spreading assay using WT and CK-B2/2
astrocytes. Cells were seeded on Laminin (Lam) and 30 min after seeding the cells were fixed and stained for F-actin. Bar, 100 mm. (E) Quantification
of astrocyte spreading on Lam showing decreased spreading capacities of CK-B2/2 cells, ** p,0.01. (F) Astrocytes spreading on Lam co-stained for
CK-B and F-actin. CK-B accumulation is seen at membrane ruffles. Co-localization with cortical F-actin is shown in the merged image. Bar, 10 mm.
doi:10.1371/journal.pone.0005030.g003

the lamellipodium dimensions in MEFs, we also assessed whether
morphological changes would be inducible with Rapalog-treatment (Figure 7E and Figure S4B). Rapalog addition to CK-B
MEFs caused a significant increase in the ratio of lamellipodium
dimensions to 1.960.2, compared to 1.360.1 in non-treated cells
(p = 0.0219). Importantly, Rapalog did not show this effect in
MEFs expressing CK-BC283S, demonstrating that this effect solely
depended on relocalisation of the enzymatic activity of CK-B and
was not caused by non-specific effects of CK-B binding or the
Rapalog treatment itself.

intracellular spatial distribution of CK-B within the same cell
would provide the most effective strategy. Therefore, we used the
rapamycin dimerizer system [33] and engineered pools of MEFBAK2/2 cells with the constructs for inducible targeting of CKB that are shown in Figure 7. One vector was designed for
expression of FK506-binding protein (FKBP) with a MYR-anchor
for targeting to membranes (MYR-FKBP). Other vectors were
destined for expression of active CK-B or CK-BC283S, a catalyticdead protein, both with N-terminal extensions consisting of the
FK506-Rapamycin Binding (FRB) domain. Upon addition of
Rapalog (rapamycin analog AP21967), inducible translocation of a
significant fraction of cytosolic distributed CK-B and CK-BC283S
to membranes occurred, as verified by immunofluorescent staining
(Figure S4A). Results of analysis of migration capacity of different
MEFs in the presence and absence of Rapalog are shown in
Figure 7C and Video S4. Quantification of video data showed that
cells expressing native CK-B migrated significantly faster than cells
expressing the enzymatically inactive CK-BC283S, independent of
Rapalog-mediated induction. Secondly, when Rapalog was added
during migration of cells with enzymatically active CK-B to
redirect (part of) CK-B to membranes, distances increased from
344615 to 434619 mm over the period measured (3 independent
experiments, p,0.01). Addition of Rapalog did not alter
locomotion of CK-BC283S expressing cells (Figure 7D). Together,
these results indicate that covalent or interactive fusion of CK-B
with FRB or FRB-FKBP does not impede CK-B intrinsic capacity
to promote cell migration, and corroborate our finding that cell
cortical presence of functional activity and not the mere structural
presence of CK-B protein is essential (Figure 6). Since we noted
earlier that permanent targeting of CK-B to membranes changed

Discussion
Actin-driven processes need considerable amounts of ATP to
facilitate cytoskeletal dynamics. ATP exchange and hydrolysis is
thereby critically involved in the process of actin treadmilling,
controlled by recycling of G-actin and the stability of F-actin [3],
and is also important for the activity of many actin-associated
proteins. In the present study, we investigated the contribution of
local ATP generation by CK-B to actomyosin dynamics by
measuring spreading and motility of astrocytes and MEFs.
Straightforward immunofluoresence and Western blot assays
demonstrated that cultured astrocytes from mouse brain express
high levels of CK-B, which corroborates findings with immunostaining and in-situ hybridization on whole mouse brain that
appeared in other reports [23,34]. Furthermore, it was demonstrated that astrocytes can synthesize creatine endogenously
suggesting that a functional CK phosphoryl-transfer system is
present in these cells [35,36]. Recently, an emerging role of
astrocytes as active modulators of synaptic transmission has been

Figure 4. Astrocyte migration is dependent on presence and activity of CK-B. (A) Migration assays of WT and CK-B2/2 astrocytes with and
without cyclocreatine (5 mM) treatment. Representative images of migrating cells after 24 h, obtained from migration movies (Video S1). Dashed
lines indicate migration front at 0 h. Bar, 100 mm. (B) Average migration distances of astrocytes migrating along laminin (10 mg/ml). Note that both
CK-B presence and activity are required for migration, *** p,0.001.
doi:10.1371/journal.pone.0005030.g004
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Figure 5. Generation of membrane-targeted CK-B expressing MEFs. (A) Constructs used to complement MEF-BAK2/2 cells with CK-B and
membrane-targeted CK-B (MYR-CK-B) and their corresponding YFP controls (not drawn to scale). (B) Western blot analysis of complemented MEFBAK2/2 cell lines. CK-B is seen in WT and (MYR)-CK-B complemented cells, YFP in YFP complemented cells, Myc in membrane-targeted CK-B and
YFP, Tubulin was used as protein loading control. (C) CK-activity in whole cell lysates corrected for CK-B protein expression. Coupling of MYR-domain
to CK-B renders the enzyme less active (approximately 70% of native CK-B), ** p,0.01. (D) Immunofluorescence showing the distribution of
(targeted) CK-B and YFP in the generated cell lines. CK-B and YFP show a rather homogeneous cytoplasmic distribution while MYR-CK-B and MYR-YFP
expressing cells showed staining of organellar and plasma membranes. Bar, 10 mm.
doi:10.1371/journal.pone.0005030.g005

to recruitment in the phagocytic cup of macrophages (data not
shown), but the precise mechanistic link between protrusion
formation and CK-B recruitment remains to be elucidated.
The direct functional link between CK-B activity and cell shape
changes was clarified by our cell spreading and migration assays,
in which ablation of CK-B slowed down these processes in both
astrocytes and MEFs. Overall, findings between astrocytes and
MEFs were comparable, only CK-B effects on spreading were not
reproduced in MEFs. Cell spreading is a complex process
consisting of substrate adherence and passive-descent events, later
followed by active probing of the cellular environment [44]. These
later events in spreading may be more reliant on infrastructural
organization within the cell and be cell-type dependent. The
observed discrepancies between the roles of soluble and anchored
CK-B in spreading of astrocytes and MEFs may therefore be
explained by differences in the relative importance of CKmediated ATP supply during the early and late phases, and be
not easily comparable between cell types.
Importantly, the experiments with pharmacological inhibition
with cyclocreatine or substitution of native CK-B by the
catalytically dead CK-BC283S in the positional swapping/tagging
experiments demonstrated that the contribution of CK-B to
enhanced cell migration capacity did not depend merely on its
structural interference, but that its catalytic ATP-generating
activity is required.
We propose that cells use CK-B to balance ATP/ADP ratios
and buffer temporary demands for ATP in specialized structures
with highly dynamic actin, such as lamellipodia and filopodia, to
sustain optimal migration rates. The early observation that
cyclocreatine was able to inhibit motility in tumor cells [25] and

acknowledged. In this process, which depends on the intimate
physical interactions between astrocytes and neurons, local actindriven dynamics of astrocytic protrusions play an organizing and
maintaining role [37,38]. Based on this knowledge, we propose
that astrocytes use a significant amount of their ATP for
cytoskeletal remodeling, comparable to the ATP need for
actomyosin activity in neurons [11].
Besides astrocytes, we also used mouse embryonic fibroblasts
(MEFs) as archetypal motile cells for study of the localized role of
CK-B in cell dynamics. Our data on recruitment of CK-B from
the cytosolic pool and it’s transient co-accumulation in areas with
cortical F-actin but not with the less dynamic F-actin in stress
fibers in both cell types support the idea that CK-B activity is
generally most needed at sites where the actin cytoskeleton is
highly dynamic. This idea was already proposed for the
accumulation of CK-B in nascent phagosomes as well [24].
Interesting parallels can also be drawn to the fate of the muscle
specific isoform of CK, CK-M, which is strategically localized in
the M-band of myofibrils to support localized myosin ATPase
activity [39], or is recruited to the I-band by binding to the
glycolytic enzymes phosphofructokinase and aldolase [40]. CK-B
lacks essential lysine residues that are required for CK-M
accumulation at the M-band [41], but in view of its high
homology with CK-M, it is tempting to speculate that other
mechanisms for recruitment may be shared between the two
enzymes. Especially, the possible interaction with glycolytic
enzymes capable of binding to F-actin should be studied further
as several of these enzymes are enriched in lamellipodia [42] and
other types of dynamic cell structures [43]. We know already that
CK-B and CK-M have an interchangeable character with respect
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Figure 6. CK-B expression and localization increases fibroblast migration. (A) Morphology of migrating MEFs. Pictures of migrating cells
after 24 h obtained from migration movies (Video S2). Dashed lines indicate migration front at 0 h. Bar, 100 mm. (B) Quantification of migration
distances. MEF-CK-B and MEF-MYR-CK-B cells have higher migration capacities compared to the YFP-controls. Membrane targeting of CK-B further
induces cell migration. Average migration distances in 24 h are shown, (a) CK-B and MYR-CK-B compared to matched YFP controls, *** p,0.001, **
p,0.01. (C) Morphology of migrating MEFs with cyclocreatine (cCr, 5 mM) treatment. Pictures of migrating cells after 24 h obtained from migration
movies (Video S3). Dashed lines indicate migration front at 0 h. Bar, 100 mm. (D) Migration distances after 24 h of MEFs migrating along FN with
(closed bars) and without (open bars) cyclocreatine (cCr, 5 mM). MEF-CK-B and MEF-MYR-CK-B cells respond to cCr treatment while MEF-YFP and MEF-
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AK1 (van Horssen et al., 2009) control cells do not. *** p,0.001 compared to non-treated cells. (E) Quantification of migration morphology. The
number of lamellipodia per cell, lamellipodium dimensions and tail length were measured from migration movies. No differences were found for the
YFP and MYR-YFP complemented cells. MYR-CK-B complemented cells showed an increased lamellipodium width/length ratio compared to CK-B
complemented cells (** p,0.01). Measurements explanation and high magnification images of migration fronts are depicted in Figure S2.
doi:10.1371/journal.pone.0005030.g006

Figure 7. Rapalog-induced translocation of CK-B to membranes induced migration. (A) Constructs used to target CK-B, CK-BC283S to
cellular membranes. Vector inserts are not drawn to scale. (B) Scheme of heterodimerization of the MYR-FKBP fragment with FRB-CK-B on cellular
membranes upon Rapalog addition. (C) Migration morphology of MEFs after 24 hr in absence or presence of Rapalog (Video S4). Dashed lines
indicate migration front at 0 h. Bar, 100 mm. (D) Quantification of migration distances of MEF-MYR-FKBP complemented with FRB-CK-B or FRB-CKBC283S with and without Rapalog-treatment. Rapalog-induced translocation of FRB-CK-B, in contrast to FRB-CK-BC283S, enhanced cell migration. ***
p,0.001, ** p,0.01. (E) Quantification of migration morphology. The number of lamellipodia per cell, lamellipodium dimensions and tail length were
measured from migration movies. Lamellipodium dimensions for FRB-CK-B with Rapalog-treatment was significantly changed. * p,0.05. See Figure
S4B for high magnification images of migration fronts.
doi:10.1371/journal.pone.0005030.g007
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neural cell networks in CK-B knockout mice [23], on epithelial
hair cell function in the inner ear of [27], and on impairment of
bone remodeling activity of osteoclasts [22] of these mice. In an
analogous study we recently showed that CK-B fuels local actin
dynamics in phagocytosis [24]. All processes mentioned have in
common that they are dependent on the functional integrity and
timely control of actin filament nucleation, elongation and
associated motor protein activity in cell cortical regions that forms
ruffles or membrane tubulation areas. More research is required to
investigate whether CK-B also contributes to inhomogeneity in
ATP distribution and whether the precise mechanistic events that
connect CK-B mediated ATP supply with actin in this axis are
shared between different CK-expressing cell types.

the long known importance of ATP for actin polymerization and
myosin force generation [5,7] support this model.
One most conspicuous finding in our studies was that
manipulation of CK-B location had an effect on both migratory
capacity and lamellipodial morphology in MEFs. Interestingly,
targeting CK-B to membranes changed the lamellipodial dimensions. Formation of lamellipodia is largely dependent on branched
actin polymerization at the cell’s periphery, which requires the
availability of free ATP-loaded actin monomers [3,5]. The process
of re-loading of G-actin with ATP and incorporation of actin
monomers at linear-barbed or branched-ends of polymeric
filaments could be the decisive step that takes advantage of local
ATP generated by CK-B. Our experimental verification of this
obviously speculative model showed that CK-B with a membrane
anchor could indeed facilitate lamellipodia formation and
stimulated cell migration. Interestingly, expression of native
cytosolic CK-B had an effect on migratory capacity but did not
enhance lamellipodium formation proper. This suggests that other
ATP dependent migration promoting processes, which are
morphologically more difficult to delineate (and therefore
association with local CK-B recruitment goes undetected) may
also be fuelled by CK-B. Although speculative, actin mediated
adhesion [45] or myosin force generation [7,46] may be examples
of such directly served processes. Earlier it has been suggested that
CK-B may provide bursts of site-specific high-energy phosphate
for signal transduction involved in cytoskeletal reorganisation [26].
In this latter process association of CK-B to the C-tail of protease
activated receptor-1 (PAR-1) is involved. Whether similar
stimulating activities of CK-B at other cellular locations would
also require regional accumulation of the enzyme is completely
unknown.
By using the Rapalog heterodimerizer system, we were able to
manipulate the localization of CK-B without altering the total
cellular levels of CK-B, thus excluding effects of variation in
activity levels or in genetic or metabolic background between cells
in our pool. As rapamycin is reported to inhibit F-actin
reorganization [47], we verified that Rapalog (a chemically
modified derivative of rapamycin) itself did not influence cell
motility (data not shown). Our findings thus clearly indicate that
migratory capacity and cell morphology are truly directly
responsive to the localization of CK-B underscoring the
importance that site-specific availability of ATP has for local
cytoskeletal dynamics.
Besides CK-B, also other enzymes have been reported to act as
local distributors of ATP at actin-rich structures. For example,
translocation of adenylate kinase (AK1) to focal contacts sites in
MEFs induced migratory capacity of these cells [19]. Other
regulators of nucleoside-triphosphates levels (NTPs), such as
nm23-H2 and arginine kinase, translocate to actin-rich cellular
protrusions and lamellipodia and regulate their dynamics [48,49].
As yet other examples, glycolytic enzymes form complexes that
partition at specific subcellular locations such as pseudopodia [42],
actin filaments [50] and phagosomes [51] and may have an energy
supply role there. In Drosophila flight muscle, glycolytic
multienzyme complexes provide myosin ATPases with preferential
access to ATP when brought in close vicinity by physical proteinprotein interactions [52]. Different cells may therefore use
different systems to fulfill the ATP needs of active actomyosin.
In summary, data presented here strongly suggest that locally
generated ATP is an important regulator for actin-based
cytoskeletal dynamics involved in cell extension and motility and
that CK-B is a controlling enzyme in the compartmentalization of
ATP availability. This model also provides a plausible explanation
for our earlier findings on synaptic function and development of
PLoS ONE | www.plosone.org

Materials and Methods
Cell culture and generation of cell lines
Primary cultures of astrocytes were established from brains of
embryonic wild type (C57BL/66129Ola) or CK-B deficient mice
[23] at embryonic day 17 (E17) as described [53]. Astrocyte
identity was verified by immunofluorescence staining for the
astrocyte marker glial fibrillary acid protein (GFAP) and cells were
cultured for 2-3 weeks in Dulbecco’s Modified Eagle Medium
(DMEM, Gibco) supplemented with 4 mM glutamine, 2 mM
sodium pyruvate, 10% Fetal Calf Serum (FCS) and 0.5 mg/ml
gentamycin. Mouse embryonic fibroblasts (MEFs) and Phoenix
(HEK293) packaging cells were maintained in the same medium
without gentamycin. MEFs were derived from 14.5 days old wild
type (C57BL/66129Ola) or CK-B/AK1 (BAK2/2) double
knock-out mouse embryos. Therefore, CK-B deficient mice [23]
were first mated with Adenylate Kinase-1 (AK1) deficient mice
[18] and offspring was crossed again. F2 embryos were genotyped
and lack of CK-B and AK1 was confirmed by Western blot and
zymogram analysis. MEFs derived from the double knock out
(MEF-BAK2/2) embryos were immortalized using established
techniques [54] and used for retroviral complementation studies.

Retroviral constructs and transfections
cDNA encoding CK-B, myristoylation tagged CK-B (MYRCK-B) and their YFP controls were cloned into the EcoR1/Xho1
sites of the retroviral transfection vector pLZRS-IRES-Zeo [55].
The MYR-localization tag was introduced 59-upstream of the
myc-tagged CK-B and YFP by PCR using primers containing
BamH1 sites to amplify a 50 bp MYR-domain segment from
AK1b cDNA [56]. Natural start codons in the CK-B and YFP
ORF were substituted by alanine codons to ensure the use of the
ATP start codon of the MYR-domain. Inducible translocation of
CK-B to membranes was studied using the ARGENT Regulated
Heterodimerization Kit (ARIAD Pharmaceuticals), based on the
rapamycin-induced heterodimerization of FKBP- and FRB-tagged
proteins. The FKBP fragment (316 bp) from the pC4EN-F1
plasmid (ARIAD) was PCR-amplified, provided with EcoRI/XhoI
sites, and cloned into the pLZRS-IRES-Zeo behind the MYR-myc
sequence to generate the targeting construct. Subsequently, a
276 bp FRB fragment was PCR-amplified from plasmid pC4-RhE
(ARIAD) with primers containing BamHI/BglII sites and cloned
into the BamH1 site upstream of the myc-tagged CK-B or CKBC283S (catalytic death mutant) sequence in vector pLZRS-IRESZeo. Constructs and targeting principle are depicted in Figure 6 A
and 6B, respectively. To generate retrovirus, Phoenix cells grown
on poly-L-lysine (10 mg/ml) coated 6-wells plates were transfected
with retroviral pLZRS constructs (5 mg) using Lipofectamine 2000
(10 ml, Invitrogen) diluted in Optimem (Gibco) according to the
manufacturers protocol. Viral medium was harvested, polybrene
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(5 mg/ml) was added, filtered and used to infect MEF-BAK2/2
cells grown to 40% confluence. Mixed pools of MEF-BAK2/2
cells that co-expressed proteins with FKBP or FRB moieties were
generated by sequential retroviral transduction. After 24 h,
medium was replaced by medium containing zeocin (450 mg/ml)
and cells were cultured under selection for at least two weeks. Cells
were analyzed for protein expression by western blotting and
immunofluorescence.

and TexasRed conjugated phalloidin (Molecular Probes). For every
cover slip 5–9 random fields were imaged with a Biorad Confocal
Microscope MRC1024 using a 106 objective. The total surface
occupied by cells was determined by ImageJ software (http://rsb.
info.nih.gov/ij) and divided by the number of cells to calculate the
area per cell. Five random fields were analyzed in each of three
independent experiments. For every experiment the ratio between
knockout and wild type was calculated (wildtype set at 100%).

Western blotting

Cell migration assays and time-lapse microscopy

Astrocyte cell lysates were prepared in lysisbuffer (12.5 mM
Na2HPO4, 2.8 mM KH2PO4, 0.05% Triton X-100, 0.3 mM
DTT) containing protease inhibitor cocktail (Roche). After
incubation on ice (20 min) the cell lysates were centrifuged for
10 min at 13000 rpm and supernatants were collected. MEFs
were lysed directly in sample buffer or in NP-40 Buffer (50 mM
Tris-HCl, pH 7.5, 100 mM NaCl, 5 mM MgCl2, 1% NP-40,
1 mM PMSF and 16 protease inhibitor cocktail) and protein
content was determined using the Bradford method. Samples were
resolved by 10% SDS-PAGE and blotted onto nitrocellulose
membranes. Subsequently, the membranes were blocked with PBS
containing 5% non-fat milk and blots were probed with anti-CK-B
(21E10, 1:2000) [34], polyclonal anti-CK-B, 1:2000 [57] or antimyc (1:100, Developmental Studies Hybridoma Bank, University
of Iowa) or anti-YFP, 1:3000 [58], anti-GAPDH (1:3000,
Trevigen) or anti-Tubulin (1:2000, Developmental Studies Hybridoma Bank, University of Iowa) for 1 hr at RT or overnight at
4uC. Antibodies were detected with HRP-conjugated goat-antimouse IgG (1:10000, Jackson ImmunoResearch) and the signal
was developed with the HRP substrate Lumi-Light system
(Roche). Alternatively, blots were incubated with goat-anti-mouse
IRDye800 (Rockland) and goat-anti-mouse Alexa680 (Molecular
Probes) simultaneously and signals were detected using the
Odyssey Imaging System (LI-COR Biosciences).

Barrier migration assays were performed as described previously
[32]. Briefly, a coverslip was placed in an Attofluor incubation
chamber (Molecular Probes) which was subsequently sterilized and
coated with fibronectin. In this set up a removable, sterile circular
migration barrier was placed creating a two compartment culture
chamber which prevents cell growth into the middle of the coated
cover slip. Cells were seeded around this barrier and grown until
confluence. Subsequently, the migration barrier was removed and
cells were washed twice before being incubated with the
appropriate medium. MEFs were starved 4–24 h in DMEM
containing 0,2% FCS and 5 mg/ml fatty-acid free BSA before
bFGF (200 ng/ml, Peprotech) was added to stimulate migration.
Astrocytes were analyzed in standard culture medium without
starvation. Time-lapse imaging of migrating cells was done for
24 h in a Microscope Stage Incubator (Oko-Lab, Italy), ensuring
optimal culture conditions, using a Nikon DiaPhot equipped with
a Hamamatsu C8484-05G digital camera. Images were taken
every 10 min using TimeLapse Software (Oko-Lab), version 2.7
with a 106 objective. Using time-lapse movies, cells were tracked
taking nuclei as reference. For each treatment at least 8 migrating
cells of 3–4 independent migration assays were analyzed. After cell
division one of the daughter cells was followed. The total track
distance (T) and the direct distance from start to end point (D)
were measured. Measurements were done using Metamorph 6.2
software (Universal Imaging Corporation).

Immunofluorescence
Cells were grown on glass cover slips, washed twice in PBS and
fixed with 2% paraformaldehyde in PHEM buffer (25 mM HEPES,
10 mM EGTA, 60 mM PIPES, 2 mM MgCl2, pH 6.9). Subsequently, cells were permeabilized with 0.1% Triton X-100 or 0.1%
saponin and incubated for 20 min in PBS containing 1% bovine
serum albumin (BSA). Incubation with primary and secondary
antibodies was done for 1 h and in between incubations the cells
were washes thrice with PBS. Primary antibodies used were
polyclonal anti-GFAP (1:500, DAKO), monoclonal anti-CK-B
(21E10, 1:2000) and polyclonal anti-CK-B (1:2000). Secondary
goat-anti-mouse and goat-anti-rabbit conjugated to Alexa 488 or
Alexa 568 (1:500, Molecular Probes). F-actin was visualized by
phalloidin conjugated to Alexa 660 or TexasRed (Molecular
Probes). Samples were dehydrated in 70% and 100% ethanol, air
dried and mounted onto microscope slides using mowiol. Samples
were analyzed on a Biorad MRC1024 laser scanning confocal
microscope using an oil immersion 606objective or on an Axiovert
35M fluorescence microscope (Carl Zeiss) using 636 and 1006 oil
immersion objectives.

Adhesion of fibronectin-coated beads to astrocytes
Polystyrene latex beads (3 mm, Sigma) were sonificated and
coated by incubation in carbonate buffer (pH 9.6) with fibronectin
(100 mg/ml) for 2 hours. The beads were washed twice in PBS and
resuspended in serum free DMEM containing cytochalasin D
(10 mm, Sigma) or DMSO as control before seeding onto cultured
astrocytes. After incubation with FN-beads for 30 min at 37uC/
5% CO2, cells were fixed and immunostained for CK-B and Factin as described above.

Proliferation and apoptosis assays
Proliferation rates and apoptosis of cyclocreatine-treated and
control cells were determined using the WST-1 proliferation assay
(Roche) and the Apo-ONE Homogeneous Caspase 3/7 Assay
(Promega) according to manufacturers’ protocols. MEFs were
seeded at 5000 and 10000 cells per well for proliferation and
apoptosis assays respectively. Proliferation was measured for time
points op to 72 h. Apoptosis was measured in semi-confluent
MEFs treated with cyclocreatine (5 mM, Sigma) for 24 h,
staurosporin (0.5 mM, Sigma) was used as positive control.

Cell spreading assay
Glass cover slips were coated with laminin (40 mg/ml) or
fibronectin (50 mg/ml) for 2 hours at 37uC. Cells were collected
by centrifugation, washed in DMEM/1% BSA (fatty acid free) and
incubated in DMEM/1% BSA for 20 minutes at 37uC before
seeding onto coated cover slips. After 30 minutes spreading on
coated cover slips, cells were washed once with PBS and fixed in 2%
paraformaldehyde. Cells were permeabilized and stained for CK-B
PLoS ONE | www.plosone.org

CK activity assay
CK activity was determined by enzyme coupled reactions using
the Liquid NAC activated UV test (Human GmbH, Germany)
according to manufactures’ protocol. Cell lysates were prepared in
NP-40 lysis buffer (50 mM Tris-HCL pH 7.5, 100 mM NaCl,
5 mM MgCl2, 1% NP-40, 1 mM PMSF, 16 protease inhibitor
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cocktail). Activity was normalized to CK-B content by performing
quantitative western blotting in the same samples.

Found at: doi:10.1371/journal.pone.0005030.s004 (6.71 MB TIF)
Video S1 CK-B mediates astrocyte migration. WT (upper
panels) and CK-B2/2 (lower panels) astrocytes migrating along
laminin for 48 h. Migration assays were performed without (left
panels) and with (right panels) cyclocreatine treatment. Both CK-B
knockout and inhibition strongly decreased migratory behavior of
astrocytes. Video S1 corresponds with Figure 4A. Time-lapse
phase-contrast microscopy was performed taking an image every
10 min. Display rate is 10 frames/s.
Found at: doi:10.1371/journal.pone.0005030.s005 (9.22 MB
MOV)

Rapalog-induced membrane-targeting of CK-B
Translocation of CK-B from the cytosolic pool to cellular
membranes within the same cell was done using the dimerization
strategy based on the heterodimeration of FKBP and FRB protein
domains by Rapalog [33]. MEF-BAK2/2, stably transfected
with MYR-FKBP and non-transfected MEF-BAK2/2 cells
(control), were retrovirally transduced with FRB-CK-B or FRBCK-BC283S and directly (passage 2–8) used for further analysis.
Rapalog-treated (200 nM, ARIAD) and untreated cells were
analyzed for subcellular positioning of CK-B or CK-BC283S and
cell migration was monitored directly after Rapalog addition.

Video S2 CK-B expression and localization affects MEF
migration. YFP/MYR-YFP complemented (upper panels) and
CK-B/MYR-CK-B complemented MEFs migration along FN for
24 h. Migration assays of non-targeted (left panels) and membrane-targeted (right panels) cells showed that CK-B induced
migration and additionally that MEF-MYR-CK-B were the most
motile. Video S2 corresponds with Figure 6A. Time-lapse phasecontrast microscopy was performed taking an image every 10 min.
Display rate is 10 frames/s.
Found at: doi:10.1371/journal.pone.0005030.s006 (4.76 MB
MOV)

Statistics
Data are presented as mean6SEM of at least three independent
experiments. Groups were compared with Student’s t-test for
single values, one-sample t-test for relative values and with Ratio ttest for ratio-values and considered significant different when
p,0.05.

Supporting Information

Video S3 Cyclocreatine selectively inhibits CK-B-induced
migration. MEF-YFP, MEF-CK-B, MEF-MYR-CK-B and
MEK-AK1 cells were followed during migration along FN. In
contrast to YFP and AK1 complemented MEFs, MEF-CK-B and
MEF-MYR-CK-B migration was inhibited by cCr and a strong
morphological effect was observed. Video S3 corresponds with
Figure 6C. Time-lapse phase-contrast microscopy was performed
by taking an image every 10 min. Display rate is 10 frames/s.
Found at: doi:10.1371/journal.pone.0005030.s007 (7.47 MB
MOV)

Cyclocreatine does not alter proliferation and
apoptosis. A) Proliferation of MEF-CK-B (left) and MEF-MYRCK-B (right) cells with (red) and without (black) cCr (5 mM)
treatment. Relative proliferation rates, taking non-treated cells as
control, are shown of three independent experiments. (B)
Apoptosis of MEF-CK-B and MEF-MYR-CK-B cells cultured
without (open bars) and with (red bars) cCr (5 mM). Non-treated
cells were set as 100% to compare cCr effects.
Found at: doi:10.1371/journal.pone.0005030.s001 (3.90 MB TIF)
Figure S1

Figure S2 Morphology measurements of migrating MEFs. In

Video S4 Repositioning of CK-B to cellular membranes induces
migration. MEF-MYR-FKBP cells transfected with FRB-CK-B
(upper panels) or FRB-CK-BC283s (lower panels) were allowed to
migrate along FN without (left panels) and with Rapalog (right
panels). Rapalog-mediated targeting of CK-B to membranes, but
not CK-BC283s membrane targeting, stimulated migration. Video
S4 corresponds to Figure 7C. Time-lapse phase-contrast microscopy was performed taking an image every 10 min. Display rate is
10 frames/s.
Found at: doi:10.1371/journal.pone.0005030.s008 (4.78 MB
MOV)

the top panel, the analysis of migration morphology is illustrated.
The number of lamellipodia per cell, the lamellipodium
dimensions (width and length measured with cell body as
reference, lamellipodium includes lamella-region) and tail length
was measured. Lower panels show high magnification images of
migration fronts of complemented MEFs and correspond to
Figure 6A. Bar, 50 mm.
Found at: doi:10.1371/journal.pone.0005030.s002 (2.72 MB TIF)
Figure S3 MEF-MYR-CK-B cells spread out faster than MEFCK-B cells. Quantification of MEF spreading on FN for 30 min,
showing that expression of MYR-CK-B facilitates cell spreading.
* p,0.05.
Found at: doi:10.1371/journal.pone.0005030.s003 (0.68 MB TIF)

Acknowledgments
In memoriam of Wilma Peters, passed away 11-22-2006. We thank
Marieke Willemse and Rinske van de Vorstenbosch for experimental
assistance, Helma Pluk and Ad de Groof for useful discussions, Huib Croes
for help with microscopy experiments and our colleagues in the Central
Animal Facility for their help and assistance.

Rapalog-induced membrane localization of CK-B
and CK-BC238S in MEFs. (A) MEF-BAK2/2 cells stably
expressing MYR-FKBP were retrovirally transduced with FRBCK-B (upper panels) or CK-BC283S (lower panels) and stained
for CK-B. Rapalog treatment (100 nM, 1 h, left panels) resulted in
translocation of (a fraction of) CK-B and CK-BC283S to cellular
membranes. Bar, 10 mm (B) High magnification images of
migration fronts are shown, corresponding to Figure 7C. CK-B
(upper panels) and CK-BC238S (lower panels) without (left) and
with (right) Rapalog treatment. Measurements were the same as
shown in Figure S2. Bar, 50 mm.
Figure S4

Author Contributions
Conceived and designed the experiments: JWPK RvH EJ JF BW.
Performed the experiments: JWPK RvH FO WP mvd MMtL EJ.
Analyzed the data: JWPK RvH FO WP mvd EJ JF. Contributed
reagents/materials/analysis tools: TLMtH. Wrote the paper: JWPK RvH
JF BW.

References
1. Chhabra ES, Higgs HN (2007) The many faces of actin: matching assembly
factors with cellular structures. Nat Cell Biol 9: 1110–1121.

PLoS ONE | www.plosone.org

2. Swanson JA (2008) Shaping cups into phagosomes and macropinosomes. Nat
Rev Mol Cell Biol 9: 639–649.

12

March 2009 | Volume 4 | Issue 3 | e5030

Role of CK-B in Cell Motility

3. Le CC, Carlier MF (2008) Regulation of actin assembly associated with
protrusion and adhesion in cell migration. Physiol Rev 88: 489–513.
4. Mattila PK, Lappalainen P (2008) Filopodia: molecular architecture and cellular
functions. Nat Rev Mol Cell Biol 9: 446–454.
5. Pollard TD, Borisy GG (2003) Cellular motility driven by assembly and
disassembly of actin filaments. Cell 112: 453–465.
6. dos Remedios CG, Chhabra D, Kekic M, Dedova IV, Tsubakihara M, et al.
(2003) Actin binding proteins: regulation of cytoskeletal microfilaments. Physiol
Rev 83: 433–473.
7. Giannone G, Dubin-Thaler BJ, Dobereiner HG, Kieffer N, Bresnick AR, et al.
(2004) Periodic lamellipodial contractions correlate with rearward actin waves.
Cell 116: 431–443.
8. Zhang H, Berg JS, Li Z, Wang Y, Lang P, et al. (2004) Myosin-X provides a
motor-based link between integrins and the cytoskeleton. Nat Cell Biol 6:
523–31.
9. Schliwa M, Woehlke G (2003) Molecular motors. Nature 422: 759–765.
10. Huang TY, Minamide LS, Bamburg JR, Bokoch GM (2008) Chronophin
mediates an ATP-sensing mechanism for cofilin dephosphorylation and
neuronal cofilin-actin rod formation. Dev Cell 15: 691–703.
11. Bernstein BW, Bamburg JR (2003) Actin-ATP hydrolysis is a major energy drain
for neurons. J Neurosci 23: 1–6.
12. Hertz L, Peng L, Dienel GA (2007) Energy metabolism in astrocytes: high rate of
oxidative metabolism and spatiotemporal dependence on glycolysis/glycogenolysis. J Cereb Blood Flow Metab 27: 219–249.
13. Ames A3 (2000) CNS energy metabolism as related to function. Brain Res Brain
Res Rev 34: 42–68.
14. Dzeja PP, Terzic A, Wieringa B (2004) Phosphotransfer dynamics in skeletal
muscle from creatine kinase gene-deleted mice. Mol Cell Biochem 256–257:
13–27.
15. Wallimann T, Wyss M, Brdiczka D, Nicolay K, Eppenberger HM (1992)
Intracellular compartmentation, structure and function of creatine kinase
isoenzymes in tissues with high and fluctuating energy demands: the
‘phosphocreatine circuit’ for cellular energy homeostasis. Biochem J 281(Pt 1):
21–40.
16. Janssen E, Terzic A, Wieringa B, Dzeja PP (2003) Impaired intracellular
energetic communication in muscles from creatine kinase and adenylate kinase
(M-CK/AK1) double knock-out mice. J Biol Chem 278: 30441–9.
17. Ventura-Clapier R, Kaasik A, Veksler V (2004) Structural and functional
adaptations of striated muscles to CK deficiency. Mol Cell Biochem 256–257:
29–41.
18. Janssen E, Dzeja PP, Oerlemans F, Simonetti AW, Heerschap A, et al. (2000)
Adenylate kinase 1 gene deletion disrupts muscle energetic economy despite
metabolic rearrangement. EMBO J 19: 6371–6381.
19. Van Horssen R, Janssen E, Peters W, Van de Pasch L, Te Lindert MM, et al.
(2009) Modulation of cell motility by spatial repositioning of enzymatic ATP/
ADP exchange capacity. J Biol Chem 284: 1620–1627.
20. de Groof AJ, Fransen JA, Errington RJ, Willems PH, Wieringa B, et al. (2002)
The creatine kinase system is essential for optimal refill of the sarcoplasmic
reticulum Ca2+ store in skeletal muscle. J Biol Chem 277: 5275–84.
21. Steeghs K, Benders A, Oerlemans F, de Haan A, Heerschap A, et al. (1997)
Altered Ca2+ responses in muscles with combined mitochondrial and cytosolic
creatine kinase deficiencies. Cell 89: 93–103.
22. Chang E, Ha J, Oerlemans F, Lee Y, Lee S, et al. (2008) Brain-type creatine
kinase plays a critical role in osteoclast-mediated bone resorption. Nat Med 14:
966–972.
23. Jost CR, Van Der Zee CE, In ’t Zandt HJ, Oerlemans F, Verheij M, et al. (2002)
Creatine kinase B-driven energy transfer in the brain is important for
habituation and spatial learning behaviour, mossy fibre field size and
determination of seizure susceptibility. Eur J Neurosci 15: 1692–706.
24. Kuiper JW, Pluk H, Oerlemans F, van Leeuwen FN, de Lange F, et al. (2008)
Creatine kinase-mediated ATP supply fuels actin-based events in phagocytosis.
PLoS Biol 6: e51.
25. Mulvaney PT, Stracke ML, Nam SW, Woodhouse E, O’Keefe M, et al. (1998)
Cyclocreatine inhibits stimulated motility in tumor cells possessing creatine
kinase. Int J Cancer 78: 46–52.
26. Mahajan VB, Pai KS, Lau A, Cunningham DD (2000) Creatine kinase, an ATPgenerating enzyme, is required for thrombin receptor signaling to the
cytoskeleton. Proc Natl Acad Sci U S A 97: 12062–7.
27. Shin JB, Streijger F, Beynon A, Peters T, Gadzala L, et al. (2007) Hair bundles
are specialized for ATP delivery via creatine kinase. Neuron 53: 371–386.
28. Tachikawa M, Fukaya M, Terasaki T, Ohtsuki S, Watanabe M (2004) Distinct
cellular expressions of creatine synthetic enzyme GAMT and creatine kinases
uCK-Mi and CK-B suggest a novel neuron-glial relationship for brain energy
homeostasis. Eur J Neurosci 20: 144–60.
29. Cramer LP, Mitchison TJ (1995) Myosin is involved in postmitotic cell
spreading. J Cell Biol 131: 179–89.
30. Mooney DJ, Langer R, Ingber DE (1995) Cytoskeletal filament assembly and the
control of cell spreading and function by extracellular matrix. J Cell Sci 108(Pt
6): 2311–2320.
31. Cougoule C, Wiedemann A, Lim J, Caron E (2004) Phagocytosis, an alternative
model system for the study of cell adhesion. Semin Cell Dev Biol 15: 679–89.

PLoS ONE | www.plosone.org

32. Van Horssen R, Galjart N, Rens JA, Eggermont AM, ten Hagen TL (2006)
Differential effects of matrix and growth factors on endothelial and fibroblast
motility: Application of a modified cell migration assay. J Cell Biochem 99:
1536–1552.
33. Castellano F, Montcourrier P, Guillemot JC, Gouin E, Machesky L, et al. (1999)
Inducible recruitment of Cdc42 or WASP to a cell-surface receptor triggers actin
polymerization and filopodium formation. Curr Biol 9: 351–360.
34. Sistermans EA, de Kok YJ, Peters W, Ginsel LA, Jap PH, et al. (1995) Tissueand cell-specific distribution of creatine kinase B: a new and highly specific
monoclonal antibody for use in immunohistochemistry. Cell Tissue Res 280:
435–46.
35. Braissant O, Henry H, Loup M, Eilers B, Bachmann C (2001) Endogenous
synthesis and transport of creatine in the rat brain: an in situ hybridization study.
Brain Res Mol Brain Res 86: 193–201.
36. Dringen R, Verleysdonk S, Hamprecht B, Willker W, Leibfritz D, et al. (1998)
Metabolism of glycine in primary astroglial cells: synthesis of creatine, serine,
and glutathione. J Neurochem 70: 835–40.
37. Haber M, Zhou L, Murai KK (2006) Cooperative astrocyte and dendritic spine
dynamics at hippocampal excitatory synapses. J Neurosci 26: 8881–8891.
38. Hirrlinger J, Hulsmann S, Kirchhoff F (2004) Astroglial processes show
spontaneous motility at active synaptic terminals in situ. Eur J Neurosci 20:
2235–9.
39. Wallimann T, Eppenberger HM (1985) Localization and function of M-linebound creatine kinase. M-band model and creatine phosphate shuttle. Cell
Muscle Motil 6: 239–85.
40. Kraft T, Hornemann T, Stolz M, Nier V, Wallimann T (2000) Coupling of
creatine kinase to glycolytic enzymes at the sarcomeric I-band of skeletal muscle:
a biochemical study in situ. J Muscle Res Cell Motil 21: 691–703.
41. Hornemann T, Kempa S, Himmel M, Hayess K, Furst DO, et al. (2003)
Muscle-type creatine kinase interacts with central domains of the M-band
proteins myomesin and M-protein. J Mol Biol 332: 877–87.
42. Beckner ME, Chen X, An J, Day BW, Pollack IF (2005) Proteomic
characterization of harvested pseudopodia with differential gel electrophoresis
and specific antibodies. Lab Invest 85: 316–327.
43. de Hoog CL, Foster LJ, Mann M (2004) RNA and RNA binding proteins
participate in early stages of cell spreading through spreading initiation centers.
Cell 117: 649–62.
44. Cuvelier D, Thery M, Chu YS, Dufour S, Thiery JP, et al. (2007) The universal
dynamics of cell spreading. Curr Biol 17: 694–699.
45. Galbraith CG, Yamada KM, Galbraith JA (2007) Polymerizing actin fibers
position integrins primed to probe for adhesion sites. Cell Signal 315: 992–995.
46. Gupton SL, Waterman-Storer CM (2006) Spatiotemporal feedback between
actomyosin and focal-adhesion systems optimizes rapid cell migration. Cell 125:
1361–1374.
47. Liu L, Chen L, Chung J, Huang S (2008) Rapamycin inhibits F-actin
reorganization and phosphorylation of focal adhesion proteins. Oncogene 27:
4998–5010.
48. Fournier HN, Dupe-Manet S, Bouvard D, Lacombe ML, Marie C, et al. (2002)
Integrin cytoplasmic domain-associated protein 1alpha (ICAP-1alpha ) interacts
directly with the metastasis suppressor nm23-H2, and both proteins are targeted
to newly formed cell adhesion sites upon integrin engagement. J Biol Chem 277:
20895–902.
49. Wang YE, Esbensen P, Bentley D (1998) Arginine kinase expression and
localization in growth cone migration. J Neurosci 18: 987–98.
50. Schmitz HD, Bereiter-Hahn J (2002) Glyceraldehyde-3-phosphate dehydrogenase associates with actin filaments in serum deprived NIH 3T3 cells only. Cell
Biol Int 26: 155–164.
51. Garin J, Diez R, Kieffer S, Dermine JF, Duclos S, et al. (2001) The phagosome
proteome: insight into phagosome functions. J Cell Biol 152: 165–180.
52. Wojtas K, Slepecky N, von Kalm L, Sullivan D (1997) Flight muscle function in
Drosophila requires colocalization of glycolytic enzymes. Mol Biol Cell 8:
1665–1675.
53. de Hoop MJ, Meyn L, Dotti CG (1998) Culturing hippocampal neurons and
astrocytes from fetal rodent brain. In: Celis JE, ed. Cell Biology: a laboratory
handbook. San Diego: Academic Press. pp 154–163.
54. Rittling SR (1996) Clonal nature of spontaneously immortalized 3T3 cells. Exp
Cell Res 229: 7–13.
55. Michiels F, van der Kammen RA, Janssen L, Nolan G, Collard JG (2000)
Expression of Rho GTPases using retroviral vectors. Methods Enzymol 325:
295–302.
56. Collavin L, Lazarevic D, Utrera R, Marzinotto S, Monte M, Schneider C (1999)
wt p53 dependent expression of a membrane-associated isoform of adenylate
kinase. Oncogene 18: 5879–5888.
57. de Kok YJ, Geurds MP, Sistermans EA, Usmany M, Vlak JM, et al. (1995)
Production of native creatine kinase B in insect cells using a baculovirus
expression vector. Mol Cell Biochem 143: 59–65.
58. Cuppen E, Wijers M, Schepens J, Fransen J, Wieringa B, et al. (1999) A FERM
domain governs apical confinement of PTP-BL in epithelial cells. J Cell Sci
112(Pt 19): 3299–3308.

13

March 2009 | Volume 4 | Issue 3 | e5030

