FEBS 17631

FEBS Letters 395 (1996) 137-142

Calcium storage and release properties of F-actin: evidence for the
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Abstract Preceding studies have shown that the bulk of the
ATP-dependent, inositol 1,4,5-trisphosphate (IP3)-sensitive Ca?t
store of hamster insulinoma (HIT) cells is located in microvilli on
the cell surface. Similar results were obtained with isolated rat
hepatocytes. Moreover, in vesicles of microvillar origin, passive
fluxes of Ca?', ATP, and IP; occur through cation and anion
channels, respectively, suggesting that Ca?* storage is due to
ATP-dependent Ca’* binding to an intravesicular component.
Here we demonstrate that F-actin may be a possible candidate
for this function. ATP-actin monomers bind Ca?* with high
affinity (K;=2-8 nM) to their divalent cation binding sites.
Polymerization of actin monomers decreases the rate constant
for divalent cation exchange at this binding site by more than
3 orders of magnitude rendering bound cations nearly unavailable.
F-actin-bound Ca?* can be released by depolymerization and
dissociation from Ca?'-ADP-actin monomers (K, =375 nM).
We now provide additional evidence for the possible involvement
of actin in Ca* storage. (1) Preincubation of surface-derived
Ca?* -storing vesicles from HIT cells with the F-actin stabilizer,
phalloidin, strongly inhibited ATP-dependent Ca?' uptake,
reducing the TP;-sensitive Ca>* pool by 70%. Phalloidin, when
added after the loading process, affected neither the amount of
stored Ca** nor IP; action on the store. (2) F-actin polymerized
in the presence of Mg?* in nominally Ca®*-free buffer still
contained about half of the high affinity sites occupied with Ca**
(Mg/Ca-F-actin). (3) Using the fura-2 technique, we found that
in the presence of ATP, Mg/Ca-F-actin incorporated free Ca**
at a relatively low rate. Short pulses of ultrasound (3-10 s)
strongly accelerated Ca>* uptake, decreasing free Ca’* from
500 nM to below 100 nM. (4) In the presence of physiological
levels of Mg?* (0.5 mM), sonication liberated large amounts of
Ca?* from Mg/Ca-F-actin. (5) Ca-F-actin released bound Ca?*
at a very slow rate. Short ultrasonic pulses rapidly elevated free
Ca®* from about 50 nM up to 500 nM. (6) Small amounts of
profilin, an actin-binding protein, released Ca?* both from Ca-
and Mg/Ca-F-actin and also inhibited uptake of Ca?* into Mg/
Ca-F-actin. (7) Phalloidin completely inhibited Ca-uptake into
Mg/Ca-F-actin even during ultrasonic treatment. These findings
suggest that Ca" storage may occur by addition of Ca-ATP-
actin monomers to reactive ends of the polymer and emptying of
this store by profilin-stimulated release of Ca-ADP-actin. Thus,
receptor-operated Ca®* signaling, initiated by phospholipase C
activation, may proceed via the well-known phosphatidylinositol
phosphate-regulated profilin/gelsolin pathway of actin reorgani-
zation/depolymerization. The importance of the proposed micro-
villar Ca?t signaling system for living cells remains to be
established.
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1. Introduction

Between 1963 and 1969, first experimental evidence was
presented that divalent cation exchange at the high affinity
binding site of G-actin is a rapid process compared to that
of F-actin which proceeds at a more than 3000-fold slower
rate [1,2]. On the other hand, the very high affinity of Ca* to
ATP-G-actin (K3 =2-8 nM) is known from the work of
Gershman et al. [3] and Carlier et al. [4]. However, the notion
that F-actin may function as an ATP-dependent intracellular
Ca?t store, in which the ATP-actin monomers represent the
high-affinity Ca®*-binding species and F-actin the storage
form, has been generally discarded because the ionic condi-
tions within living cells favor binding of Mg?* rather than
Ca’*. Although polymerization of actin in vitro in the pres-
ence of 2 mM Mg?* has been shown to yield F-actin contain-
ing both Ca%* and Mg?* [5], F-actin in vivo is generally be-
lieved to contain almost exclusively Mg?*.

This view has been challenged by our recent work on the
localization of ATP-dependent Ca?* stores in microvilli of
hamster insulinoma (HIT) cells and hepatocytes [6,7]. Micro-
villi-derived vesicles can be prepared using a low-force shear-
ing technique which is essentially identical with normal cell
homogenization by teflon-glass homogenizers but leaves cell
bodies intact [8]. Microvillar vesicles become part of the mi-
crosomal fraction when classical homogenization and fractio-
nation techniques are applied [6]. Accordingly, their Ca?*
storing properties were found to be identical with those for
microsomal fractions.

We have further shown that Ca®** uptake into and IP3-in-
duced Ca®t release from these microvillar vesicles occur by
passive diffusion through a La®*-sensitive but IPs-insensitive
cation influx pathway. The vesicles are also permeable for
ATP and IP; via anion channels [7,9]. Consequently, we pro-
posed that the mechanisms for Ca%* storage should be located
within the vesicles. The data further suggested that the recep-
tor-operated Ca?* influx pathway may as well be a microvillar
component.

The involvement of microvilli and their cytoskeletal core
protein, F-actin, in Ca?' storage and signaling processes
was further indicated by scanning electron microscopic stud-
ies. The actions of Ca®' signaling agonists such as bombesin
and vasopressin as well as that of the IP;-independent Ca?*
store inhibitor, thapsigargin, were accompanied by immediate
shape changes of microvilli [6,10], indicating the reorganiza-
tion of their internal cytoskeletal structure.
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Fig. 1. A: Effect of phalloidin on “*Ca uptake into HIT cell surface-derived vesicles (P3) prepared from HIT cells. The vesicle suspension was
prepared as described in Section 2. 2 mM ATP (control; filled circles) and 2 mM ATP plus 10 uM phalloidin (filled squares) were added to
the vesicle suspensions 5 min prior to initiating the uptake experiment by addition of ““Ca. The line at the lower right side represents the
A23187-insensitive part of vesicle-bound “*Ca. The A23187-insensitive Ca®* is not affected by the presence of phalloidin. Each point represents
the mean of two determinations. The experiment was carried out at room temperature. B: Inhibition by phalloidin of the IP;-sensitive Ca’*
pool of HIT cell surface-derived vesicles (P3) from HIT cells. The general experimental conditions are identical with those of A. The upper line
(filled circles) shows the “*Ca content of vesicles preloaded with “°Ca in the absence of phalloidin. At the time point indicated with an arrow,
10 uM phalloidin was added; **Ca release from vesicles loaded in the absence of phalloidin was induced by addition of 1 uM IP3 (square
number 1) and 5 min after addition of 10 uM phalloidin to the loaded vesicles (square number 2). The lower line (open circles) represents the
4Ca content of vesicles pretreated with phalloidin for 5 min and then loaded with **Ca in the presence of phalloidin; IPs-induced Ca?* release
is indicated by the filled square number 3. Each point represents the mean of two determinations. The time scale indicates the time elapsed

after starting the “*Ca uptake by addition of **Ca to the vesicle suspension.

2. Materials and methods

2.1. Materials
Phalloidin, acetone muscle powder was purchased from Sigma, and
IP; from Boehringer.

2.2. Preparation of proteins
Actin was prepared from muscle acetone powder according to [11]
and profilin from bovine spleen according to [12].

2.3. Cell culture

The hamster insulinoma cell line, HIT T15 was purchased from the
American Type Culture Collection (Rockville, MD). Cells were culti-
vated in plastic bottles (Costar) for 1 week in Ham’s F12 with 10%
horse serum and 2.5% fetal calf serum supplemented with 2 mM
glutamine. They were used between the 64th and the 72nd passage.
Prior to the experiments, the cells were incubated for 3 h without
serum.

2.4. Preparation of the cell surface-derived vesicles

Plasma membrane, microsomal and cell surface-derived membrane
fractions were prepared as recently described [9]. Shortly, these frac-
tions were prepared by gently detaching the cells from the growth
substrate in ice-cold 1 mM HEPES (pH 7.4)/0.25 M saccharose/l
mM EDTA. Subsequently, the cells, suspended in the same buffer,
were gently pressed through hypodermic needles of the following
size: No. 1 (0.9X40 mm, 0.6 mm internal diameter) and then No. 2
(0.8 mm X 38 mm, 0.5 mm internal diameter). Each step was repeated
once. The resulting suspension was centrifuged at 2600 X g for 10 min
to remove the intact cells (80-90% by trypan blue exclusion). The
2600 X g supernatant was centrifuged at 16000 g for 20 min and
the supernatant of this step was centrifuged at 180000x g for 80
min yielding the pellets P2 and P3, respectively. P3 was used for
4Ca uptake and release experiments.

2.5. Calcium-45 uptake into and release from cell surface-derived
vesicles
Cell surface-derived vesicles were washed twice with buffer A (140
mM KCl, 2 mM Mg?", 10 mM HEPES, 49 uM EGTA, pH 7.2),
sedimented at 180000X g in a Beckman TL 100 centrifuge (TLA
100,3) at 4°C, resuspended in buffer A to give a protein concentration

of 300 pg/ml. Ca®* uptake was initiated by addition of %Ca (107°
uCi/ml; final Ca?* concentration 10 uM; final free Ca®* concentra-
tion 100-200 nM) and 2 mM ATP at room temperature. Effectors
were added to each sample (100 pl) in volumes of at most 1 pl. The
uptake reaction was terminated by dilution of the reaction mixture
with 3 ml of washing buffer (buffer A plus 10 uM CaCl,; at room
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Fig. 2. Uptake of Ca®' into Mg/Ca-F-actin. A solution of 30 uM
Mg/Ca-F-actin in 10 mM Tris buffer (50 mM KCl, 0.2 mM ATP)
was treated as described in Section 2 to reduce the concentration of
free Ca’t to about 40 nM. The fluorescence assay contained 75 nM
fura-2. At the time points 1, 2 and 3, indicated with arrows, 0.5
UM CaCl, was added. To increase the rate of Ca* uptake, the so-
lution was treated once or twice with ultrasound (7 pulses 0.5 s
each) indicated by intervals of about 10 s each, during which the re-
corder track goes below zero. At the time point indicated with the
arrow number 4, 1.8 pM profilin was added followed by 2 treat-
ments with ultrasound. The experiment was carried out at 25-27°C
and pH 74.
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temperature), subsequent rapid filtration through Schleicher and
Schuell cellulose nitrate filters (type BA 85) and two additional washes
with the same buffer. Radioactivity remaining on the filters was de-
termined by liquid scintillation counting. All experiments were carried
out at room temperature. Vesicle suspensions were kept on ice until
the beginning of the experiment. The Ca?* concentration of the used
buffers and solutions were controlled by the fura-2 fluorescence tech-
nique. The actual Ca?* concentration of the uptake solutions was
computer-calculated according to Fabiato [13].

2.6. Fura-2 assay of calcium binding to and release from F-actin

Ca-G-Actin was prepared from rabbit muscle acetone powder (Sig-
ma) and purified to gel-electrophoretic homogeneity [10]. Actin prep-
aration were stored at 0°C and used within one week after prepara-
tion. Ca-F-Actin was prepared by addition of 50 mM KCl to the
solution of 50-75 uM Ca-G-actin in G-buffer (5 mM Tris, 0.2 mM
ATP, 0.1 mM CaCl,, 2 mM NaNj, 0.2 mM dithiothreitol, pH 7.4).
Mpg/Ca-F-actin was prepared from Ca-G-actin (75 uM) dialyzed for
15 h against nominal Ca**-free G-buffer supplemented with 0.1 mM
MgCl, by addition of 50 mM KCI. For use in the fura-2 fluorescence
assay, all F-actin solutions were first diluted with divalent cation-free
G-buffer to the required concentration, mostly 25 pM, supplemented
with ATP to attain a final concentration of 0.2 mM ATP, and treated
at room temperature once with Chelex (15% weight/volume) and twice
with (10% weight/volume) diethylenetriaminopentaacetic acid coupled
to polyacrylamide (DTPA-polyacrylamide; prepared according to
[14)) in order to remove traces of unbound Ca?!* (and bulk of
Mg?*). Prior to use, all necessary equipment (plastic ware only) and
the reagents to be used were tested in the fura-2 assay for possible
Ca?* contamination. Fura-2 assays were carried out at room tempera-
ture using a Shimadzu spectrofluorometer (RS 1502) equipped with a
stirring device. Scaling was achieved by addition of EGTA and CaCly
in excess to the F-actin solutions at the end of the assay.

2.7. Atomic absorption spectrophotometry (AAS) of calcium and
magnesium in F-actin
The calcium content of polymerized actin was determined by atom-
ic absorption spectrophotometry (Perkin Elmer). F-actin (50-75 uM),
polymerized under different conditions, was treated with Chelex-100
to remove divalent cations, and centrifuged at 400000X g for 50 min.

Table 1
Binding of Ca?" and Mg®* to the high affinity divalent binding sites
of F-actin

No. Concentration
during polymer-
ization (mM)

F-actin-bound divalent cations (uM)

Mg*t ATP Ca?* Mg Ca**+Mg* % Ca**
1 0.1 02 30.1 256 55.7 54
2 0.1 0.2 16.7 8.9 256 65
3 0.1 02 4.0 151 39.1 61
4 0.1 02 17.6 105 28.1 63
5 0.1 05 325 277  60.2 54
6 0.1 1.0 244 28.8 52.8 46
7 02 05 25.5 358 613 42
8 0.2 50 26.4 27.5 539 49
9 04 10 27.7 434 711 39
10 04 50 25.7 354  61.1 42

Buffer at the end of 12.0 112
dialysis

Influence of variations in Mg?™ and ATP concentrations during poly-
merization. G-actin was dialysed against nominally Ca?*-free Tris
buffer containing 0.2 mM ATP and 0.1 mM Mg?**. The indicated
concentrations of Mg?* and ATP were adjusted immediately prior
to polymerization with 50 mM KCl. After 2 h, the polymerizate
was treated with Chelex 100 to remove free divalent cations, and F-
actin was sedimented at 400 000 X g in a Beckmann TL-100 centrifuge.
The pellets were dissolved in low ionic strength buffer free of divalent
cations. Actin was used at concentrations between 50 and 75 uM.
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Fig. 3. Inhibition of Ca?" uptake into Mg/Ca-F-actin in the pres-
ence of phalloidin. The experimental conditions were identical with
those of Fig. 2. 25 uM Phalloidin was added prior to the treatment
of the Mg-F-actin solution (25 uM) with ion exchangers. CaCl, (0.5
uM) was added at the time point indicated with an arrow. Treat-
ment with pulses of ultrasound (7X0.5 s each) occurred during the
time periods in which the recorder tracks goes below zero.

The sediments were dissolved in low ionic strength buffer. Their Ca’t
and Mg?* contents were determined after dilution with La** solution
and deproteinization by perchloric acid.

3. Results

The first indication for the involvement of the actin system
in cellular Ca®" signaling came from experiments shown in
Fig. 1A. About 40% of the A23187-sensitive, ATP-dependent
Ca?t uptake of the HIT surfaces vesicles was inhibited by
phalloidin. The phalloidin-sensitive portion of the stored ves-
icular Ca?" comprised about 70% of the IPs-sensitive Ca?*
pool (Fig. 1B). Phalloidin, added to Ca?*-loaded vesicles did
not affect stored Ca®* nor did it inhibit the IP; effect on this
store. In the presence of phalloidin, the amount of IP;-re-
leased Ca®* is somewhat higher than in its absence. This effect
may be due to inhibition of Ca’?* reuptake into the store in
the presence of IP; and is comparable with the well known
enhancement by vanadate of the amount of IPs-induced Ca?*
release. The inhibitory effect of phalloidin resembles that of
other known F-actin-stabilizing agents such as vanadate,
phosphate, A1F,~, and BF3;~ [15] on microsomal Ca?* stor-
age.

Using AAS, we determined the Ca%" and Mg?* content of
F-actin, polymerized by KCl in nominal Ca®*-free buffers in
the presence of 0.1 to 0.4 mM Mg?*, Freshly prepared Ca-G-
actin was polymerized by addition of 2 mM MgCl; and 100
mM KCI. After sedimentation of F-actin, the polymer was
dialysed for 18h against nominal Ca?*-free low-ionic-strength
buffer containing 0.1 mM Mg?** and 0.2 mM ATP. The re-
sulting G-actin was then polymerized by addition of 0.1 to 0.3
mM MgCl; and 50 mM KCl. 40-65% of the resulting F-actin
subunits still bound Ca?* (Table 1). Since 0.1 mM Mg?* is the
threshold concentration for polymerization, it is nearly impos-
sible to get Ca?*-free F-actin without using EGTA. Generally,
the Ca?* load of the polymer depends on the Ca?t content of
the monomers prior to polymerization because polymerization
proceeds at a much higher rate than the exchange of bound
Ca?* for Mg?* [4].

Fig. 2 demonstrates the uptake of added Ca?* into freshly
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Fig. 4. Ultrasound-induced Ca?* release from Ca-F-actin. Ca-F-ac-
tin (25 uM) was repeatedly treated with ultrasound (7X0.5 s each)
as indicated by the sub-zero periods of the recorder track. The gen-
eral experimental conditions were identical with those of Fig. 2.

prepared rabbit muscle Mg/Ca-F-actin using the fura-2 tech-
nique. G-actin was polymerized in the presence of 0.2 mM
ATP and 0.1 mM Mg?* in nominal Ca?*-free buffer. After
removal of residual Ca?* and Mg?" from the test solution
with DTPA-polyacrylamide, a high affinity ion exchanger
for divalent cations (see Section 2), basal Ca®t was below
40 nM. Addition of CaCly, raising Ca?* to about 200 nM,
induced a slow Ca®* uptake which could be dramatically in-
creased by short pulses (34 s) of ultrasound. Ultrasound
treatment of Mg/Ca-F-actin reduced the concentration of
free Ca>* to approximately 40 nM. Rate and extent of Ca’*
uptake into Mg/Ca-F-actin strongly depends on actin concen-
tration (data not shown). At 6 uM Mg/Ca-F-actin, Ca’* up-
take could no longer be observed, suggesting that the system
was working at the critical concentration of actin polymeriza-
tion.

As shown in Fig. 3, phalloidin completely inhibited Ca?*
uptake into Mg/Ca-F-actin, consistent with the interpretation
of Fig. 1A,B, that inhibition of Ca%* uptake into HIT surface
vesicles by phalloidin is due to its interaction with F-actin.

Ca®’*-loaded F-actin, prepared by polymerization of Ca-G-
actin in the presence of 0.2 mM Ca’" and absence of Mg?",
does not release Ca?* even at free Ca?t concentrations as low
as 30 nM. Ultrasonic treatment, however, released bound
Ca’" even in the presence of ATP, increasing the concentra-
tion of free Ca?* up to 500 nM (Fig. 4). Rate and extent of
uitrasound-induced Ca?* release from Ca-G-actin also de-
pends on the concentration of actin (data not shown). The
dependence of Ca?* release on ultrasound treatment and actin
concentration suggests that the concentration of filament ends
bearing Ca-ADP-actin monomers is an essential parameter
determining the rate and amount of released Ca*.

Fig. 5 shows the effect of a small amount of profilin on
Ca’*-loaded F-actin. Compared to the actin concentration
(25 uM), very low concentrations of profilin (0.5-3 puM) re-
leased significant amounts of Ca?*. The low-dose response of
profilin can be explained by its property to induce accelerated
‘treadmilling’. Further details are discussed below. Profilin-
induced Ca?* release is non-linearly related to the profilin
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concentration. Above 3 pM, profilin did not further increase
Ca®* release from Ca-loaded F-actin (data not shown).

In the right part of Fig. 2, it is shown that profilin can
induced Ca*" release from Mg/Ca-F-actin that has just taken
up external Ca’ under the same conditions. Profilin-induced
Ca”* release is accelerated by ultrasonic treatment. Addition
of profilin to Mg/Ca-F-actin prior to the addition of Ca?*,
effectively inhibited Ca?* uptake during sonication (data not
shown). Profilin also caused Ca®* release from Mg/Ca-F-actin
during sonication. Following additional sonication steps in
the presence of profilin, initially bound Ca*" was delivered
again in a time-dependent manner (Fig. 6).

Ca®" was also released from Mg/Ca-actin by sonication in
the presence of 0.5-1 mM Mg?* (Fig. 7). The initial sponta-
neous increase in Ca*>* most likely is due to displacement by
Mg?* of Ca’* from actin monomers and ATP.

4. Discussion

This study presents strong evidence that F-actin may func-
tion as receptor-operated Ca?t store. The highly specific F-
actin-stabilizing toxin, phalloidin, effectively inhibited both
the Ca®* storage process of microvillar vesicles from HIT cells
and that of purified F-actin. The mechanism of phalloidin
action is identical with those of the known inhibitors of
Ca’* storage such as phosphate, vanadate and AlF,~ which
all act as F-actin stabilizer [15] and also inhibit the endo-/
sarcoplasmic reticulum Ca%* pump [16,17].

Another strong argument for the involvement of the actin
system in Ca?* storage is the finding, that both storage and
release processes exactly cover the physiological concentration
range between 40 and 500 nM of free Ca%* which is consis-
tently observed in basal and stimulated intact cells when influx
of external Ca?* is eliminated. This range is determined by the
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Fig. 5. Profilin-induced Ca?* release from Ca-F-actin. Ca-F-actin
(25 uM) was treated with cation exchangers to remove free Ca’t as
described in Section 2. At the time points indicated by the arrows,
profilin was added giving final concentrations of 3 pM (arrow 1)
and 6 UM (arrow 2).
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Fig. 6. Profilin-induced Ca?*-release from Mg/Ca-F-actin. Mg/Ca-F-
actin (25 uM) was pretreated with cation exchangers as described in
Section 2. 3 pM profilin was added at the time point indicated by
the first arrow. Ultrasonication (us) of 3-5 s duration initiated a
rapid Ca®* release.

intrinsic Ca**-binding properties of the actin system, the dis-
sociation constants of Ca?* at the ATP- and ADP-actin
monomer species of 2-8 nM and 370 nM, respectively [17].

The essential process of Ca?* storage into F-actin is the
addition of Ca-ATP-actin monomers to an existing F-actin
chain followed by hydrolysis of ATP when the monomers
have become part of the polymer chain. Actin filaments at
steady-state are assumed to be in a dynamic situation, oscil-
lating between the states of slow elongation and rapid short-
ening at the barbed end (for review see [19,20]). Steady-state
dynamics of this type, also called ‘dynamic instability’, are
assumed to produce terminal regions of limited length (dy-
namic region) in which the chain subunits are rapidly ex-
changing with the pool of free monomers. Therefore, divalent
cations can be bound to subunits of the dynamic region of F-
actin under steady-state conditions. In contrast, cations
bound to subunits of the middle part and pointed ends of
the filaments, which are not part of the dynamic region,
may reflect ionic conditions prevailing some time before the
actual state.

High affinity binding of Ca?* (K;=2-8 nM) only occurs at
ATP-G-actin monomers. After addition of Ca-ATP-G-actin
monomers to F-actin, ATP hydrolysis and release of the
formed P; converts the actin Ca’*-binding site to a potential
low-affinity site, but Ca?* release is still blocked as long as the
ADP-actin subunit is part of the polymer chain. Only when
Ca?t-ADP-actin monomers were liberated from the filaments,
dissociation of bound Ca?" occurs. According to the high Ky
of ADP-G-actin for Ca?t (380 nM), this process leads to a
significant increase in the concentration of free Ca®*. Free
Ca?* can further be elevated by exchange for Mg?* which
has a much higher affinity to ADP-G-actin than Ca?* [18].

In the present study, liberation of ADP-actin subunits was
achieved by two different methods. First, filaments were me-
chanically shortened by ultrasonic treatment. The formation
of a large number of barbed chain ends exposing endpieces of
Ca-ADP-actin considerably increased the concentration of
free Ca-ADP-G-actin and thus the concentration of free
Ca?*. Increased exchange rates of the divalent cations in F-
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actin during ultrasonic treatment was first described by Kasai
and Oosawa [2].

The second method depends on a specific property of the
actin monomer-binding protein, profilin. As first shown by
Pring et al. [21], profilin-actin complexes (profilactin) bind
to the barbed ends of actin filaments, thereby mediating addi-
tion of the actin monomer from the complex to the filament
end followed by release of free profilin. Thus, one profilin
molecule can mediate a number of cycles of monomer addi-
tion. Therefore, at the barbed end of the filament, monomer
addition in the presence of profilin proceeds at the same rate
and with similar affinity as in its absence [21]. However, pro-
filin-mediated chain elongation does not occur at the pointed
end of the filament. Consequently, the reduction of free actin
monomers by complex formation with profilin accelerates the
dissociation of ADP-monomers from the pointed ends of the
filament. Subsequently, these monomers can bind again to the
barbed ends of the filaments. Thus, profilin evokes a specific
dynamic situation which is characterized by increased mono-
mer release at the pointed end and enhanced monomer addi-
tion at the barbed ends. In contrast to the state of dynamic
instability, this special type of dynamic state was termed
‘treadmilling’. The low concentration of profilin needed for
Ca®" release suggests that the mechanism of profilin action
may be indeed stimulated treadmilling. Treadmilling and Ca%*
release is further facilitated by the ability of profilin to in-
crease by several orders of magnitude the dissociation rates
of actin-bound divalent cations and nucleotides [21].

Ultrasound- as well as profilin-induced Ca?* release clearly
demonstrates that free Ca?* can be elevated without changing
the overall polymerization state of the system. Both types of
induced Ca®" release solely depend on increased steady-state
dynamics of the polymer. The high rate of Ca?" release ob-
served under ultrasonic treatment, compared with that of the
profilin-induced release, indicates that the concentration of
barbed filament and critically determines the rate of Ca®*
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Fig. 7. Mg?*-induced Ca?*-release from Mg/Ca-F-actin. Mg/Ca-F-
actin (25 pM) was treated with cation exchangers as described in
Section 2. The general experimental conditions were identical with
those of Fig. 2. Two portions of 0.5 mM Mg?* each was added (ar-
rows). At the time points indicated with arrows (us), 3-5 s periods
of sonication were applied. Release of Ca?* after the first addition
of Mg?t most likely is due to displacement of bound Ca®* from ac-
tin monomers and free ATP by Mg?*. A second increase of free
Ca?* is caused by ultrasonic treatments (us).
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release. Thus, the rapid Ca®t release observed in intact cells
and vesicle fractions may result from the high cytosolic actin
concentrations of 100-200 pM [19] compared with 25 UM in
the present experiments, and the relative low average chain
length of actin filaments of about 80 subunits found in cor-
tical regions of living cells [22], compared with an average
chain length of about 1000 subunits of in vitro polymerized
actin [23,24]. Much longer filaments were observed in stress
fibers and the contractile rings involved in cell motility [25]. In
addition, a number of filament-severing proteins may be in-
volved in the generation of the cellular Ca?* signal by addi-
tionally providing new reactive ends from central regions of
the filaments.

The high rate of Ca?" uptake into Mg/Ca-F-actin even at
very low Ca%* levels can be explained by a few kinetic and
equilibrium data: the relative affinity of ATP versus ADP is
200:1 for Ca-actin against only 4:1 for Mg-actin and the rate
constant for ADP/ATP exchange is 100-fold higher for Ca-G-
actin than for Mg-G-actin [26]. Finally, according to the dif-
ferent hydration properties of Ca?* and Mg?*, the association
rate constant of ATP-G-actin for Ca?* is two orders of mag-
nitude higher than for Mg?* [27]. These data indicate that, in
the presence of ATP, Ca-G-actin may be the kinetically pre-
ferred species for polymerization to F-actin. Especially at high
concentrations of filament ends, when diffusion is no longer a
rate-limiting process, loading of the polymer with divalent
cations may be governed by kinetic rather than by equilibrium
properties.

The well-known connection between the phospholipase C-
mediated Ca?* signaling pathway with the actin-based cyto-
skeleton [28-31], provides the functional link between recep-
tors and the actin system. These two systems are intercon-
nected by a few capping, severing and monomer-binding
proteins, such as gelsolin, cofilin/destrin and profilin which
are bound to the inositol phosphate headgroups of clusters
of membrane phosphatidylinositol phosphates (PIP/PIP,) (re-
viewed [32,33]). Cleavage of these phospholipids by receptor-
mediated activation of phospholipase C liberates these pro-
teins. In addition, released IP; acts as amplification signal for
further release of actin-binding proteins by competing with
the inositol phosphate headgroups of PIP/PIP, clusters. The
mechanistic basis of this IP5 effect, the inhibitory action of 1P
on the complex formation between PIP, and profilin has been
reported by Lassing and Lindberg [28].

As recently proposed, the microvillar tip region may repre-
sent a special cellular microcompartment, named entrance
compartment, which is uncoupled from the cytoplasm by a
diffusion barrier of F-actin bundles [6,7,9,34,35]. The entrance
compartment is connected with the extracellular medium by
cation and anion channels located in the microvillar tip re-
gion. The preferential selectivity of the cation channels for
Ca?* (over Mg?") may provide the ionic conditions necessary
for uptake of Ca** into Mg-F-actin in this compartment.

The observed close spatial arrangement of Ca?* stores and
cation channels within microvilli is highly compatible with the
phenomenon of ‘capacitative Ca®t loading’ as described by
Putney and others. The concept of actin-based Ca’* storage
with its intrinsic feature of the ‘diffusion barrier’, also supplies
a compelling explanation for the well known dependence of
the Ca®* influx activity on the filling state of the Ca%* store.

K Lange, U. Brandt/FEBS Letters 395 (1996) 137-142

However, the importance of these findings for living cells
where it is difficult to determine local concentrations of diva-
lent cation and cytoskeletal proteins remains to be established.
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