
Introduction

Actin filaments play an important role in the formation

of cytoskeleton, and in the muscle contraction as

well [1, 2]. Actin filaments (F-actin) are composed

from globular monomers (G-actin). One monomer can

bind an ATP and a divalent magnesium ion in its cen-

tral cleft under physiological conditions [3]. The qual-

ity of the bound cation can influence the properties of

the actin monomer and filament as well [4–8]. The

ATP is hydrolyzed during the polymerization of the

actin monomers. The final product of this hydro-

lysation is an inorganic phosphate (Pi) which dissoci-

ates from the actin filaments and an ADP molecule re-

mains bound to the protomer. Filaments can be formed

from ADP-binding monomers under special, ATP-de-

pleted circumstances (e.g. fatigue, ischemia) [9]. The

structure and dynamics of the ADP-actin monomers

differs from the ATP-binding ones [10–13]. The fila-

ments formed by the ADP-binding actin monomers are

more flexible than the filaments constructed from

ATP-binding monomers [11, 14].

Phalloidin is a bicyclic heptapeptide, which is the

product of the highly poisonous Amanita phalloides

[15, 16]. The cytotoxic drug of this mushroom can bind

to F-actin with high affinity (Kd=30–36 nM) [17],

while it does not bind to the actin monomers.

Phalloidin can stabilise actin filaments even at low

concentration [18, 19]. The toxin strongly decreases

the actin’s critical concentration and accelerates the

nucleation and the rate of polymerization as well [20].

Several workgroups used the phalloidin to stabilise the

structure of the actin filament [21–26]. Previous calori-

metric measurements showed that actin filaments have

higher melting temperature when the filaments were

prepared from ATP bound monomers (63°C) com-

pared to the ADP-actin filaments (57°C) [12, 13].

These observations indicated that the DSC method can

be effectively used to study the thermal properties of

actin in details [27–38].

The aim of this study was to investigate the effect

of phalloidin on the thermodynamic properties of actin

filaments prepared from skeletal ADP-actin monomers

by differential scanning calorimetry (DSC). The use of

phalloidin made it possible to explore differences be-

tween the cooperative properties of ADP- and ATP-

actin filaments. The results showed that the co-

operativity within the actin filaments prepared from

ADP containing monomers is less pronounced com-

pared to the filaments prepared from the ATP saturated

monomeric actin molecules.

Experimental

Materials

Chemicals

KCl, MgCl2, CaCl2, D-glucose, hexokinase, EGTA,

MOPS and phalloidin were purchased from Sigma-

Aldrich (Budapest, Hungary). ATP, ADP and

�-mercaptoethanol were obtained from Merck

(Darmstadt, Germany). NaN3 was purchased from

Fluka (Lausanne, Switzerland).

1388–6150/$20.00 Akadémiai Kiadó, Budapest, Hungary

© 2009 Akadémiai Kiadó, Budapest Springer, Dordrecht, The Netherlands

Journal of Thermal Analysis and Calorimetry, Vol. 95 (2009) 3, 709–712

EFFECT OF PHALLOIDIN ON THE SKELETAL MUSCLE ADP-ACTIN

FILAMENTS

Réka Dudás, Tünde Kupi, Andrea Vig, J. Orbán and D. L�rinczy
*

University of Pécs, Medical School, Department of Biophysics, Szigeti str. 12, Pécs 7624, Hungary

The effect of phalloidin on the thermal stability of skeletal actin filaments polymerized from ADP-binding monomers was investi-

gated with the method of differential scanning calorimetry. Phalloidin shifted the melting temperature of the ADP-F-actin

from 59.1�1.0 to 80.0�1.2°C. The stabilizing effect of phalloidin propagated cooperatively along the filament. The cooperativity

factor according to the applied model was 1.07�0.11. With these measurements it was possible to demonstrate that the binding of

phalloidin has lower influence on the adjacent protomers in ADP- (k=1) than in ATP-actin filaments (k=3).

Keywords: ADP-actin filament, calorimetry, phalloidin, stability, thermodynamics

* Author for correspondence: denes.lorinczy@aok.pte.hu



Sample preparation

Skeletal actin was prepared from acetone powder of

rabbit psoas muscle [39, 40]. The calcium saturated

actin monomers were stored in a 2 mM MOPS buffer

(pH 8.0) containing 0.2 mM ATP, 0.1 mM CaCl2,

0.1 mM �-mercaptoethanol and 0.005% NaN3.

The concentration of the actin monomers was calcu-

lated by using the extinction coefficient

of 0.63 mL mg
–1

cm
–1

at 290 nm [41].

The exchange of the bound ATP on actin monomer

for ADP was done by incubating the protein in the pres-

ence of 1.65 mg mL
–1

hexokinase, 0.5 mg mL
–1

glucose

and 1 mM ADP for 1 h at 0°C.

The bound calcium ion (Ca
2+

) on the actin mono-

mers was changed for magnesium by incubating the

samples for 5 min in the presence of 0.2 mM EGTA

and 0.1 mM MgCl2 at room temperature [3]. The actin

monomers were polymerized by increasing the MgCl2

concentration to 2 mM and the KCl to 100 mM at

room temperature for 6 h [42]. After polymerization,

the filaments were stored overnight at 0°C.

To create phalloidin bound F-actin we added the

toxin to the sample after the nucleotide exchange, at

the same time when the polymerization was started.

To get a satisfactory polymerization on ADP-actin

monomers, the elapsed time of polymerization was al-

ways 6 h at room temperature.

DSC measurements and theoretical considerations

The thermodynamic investigation of ADP-bound

actin filaments was performed with a Setaram Micro

DSC-II calorimeter. The DSC measurements were

done in the temperature range of 0–100°C and the

heating rate was 0.3 K min
–1

. For the DSC measure-

ments the actin concentration was adjusted

to 69 �M (3 mg mL

–1

). The experimental buffer with

no protein content was used as a reference in the DSC

experiments and for baseline correction during the

data processing. The sample and the reference solu-

tion were heated in the range of 0 to 100°C under iso-

baric conditions. The difference between the energy

uptake of the sample and the reference cell was

recorded in the function of temperature.

The data were analyzed with the Microcal
TM

Ori-

gin software (version 7.5). We applied a model de-

scribed by Visegrády et al. [19] to analyze the

phalloidin concentration dependence of the actin fila-

ment’s DSC data to define the degree of cooperativity

along the structure of the polymer. The model as-

sumes that phalloidin can stabilise the conformation

of the directly bound protomer. In the case of cooper-

ative binding, phalloidin can also stabilise adjacent

protomers as the effect of the toxin can propagate

along the actin filaments. The number of actin

protomers influenced by one phalloidin molecule can

be determined with this model. We used the following

equation to analyze how the ratio of the actin popula-

tion that was unaffected by phalloidin (A) changed

due to the increasing phalloidin concentration:

A=(1–p)
2k+1

(1)

where p is the probability that an actin protomer in the

filament binds phalloidin and k is the cooperativity

factor related to the size of the cooperatively influ-

enced actin segment.

The denaturation curves at certain phalloidin

concentrations can be divided into 3 different regions.

These regions can be related to different protein frac-

tions in the sample solution. The peak with the lowest

Tm value belongs to that protein fraction which is not

affected by the phalloidin while the peak that is repre-

sented by the highest Tm value is belonging to the

phalloidin bound part of the actin filament. In the

presence of non-saturating phalloidin concentration a

third peak can be identified with an in-between Tm

value. This fraction represents that part of the protein

that is not bound the toxin molecule but indirectly af-

fected by it through long range allosteric interactions.

The value of A can be determined by the under-curve

area of the denaturation peak of the actin molecules

that are not affected by phalloidin relative to the

whole under-curve area of the heath transition curve.

The peaks were approximated with Gaussians during

the data analysis process.

The value of k can be determined by fitting the

above equation to the experimental data, so the num-

ber of actin protomers affected by one phalloidin mol-

ecule can be calculated as 2k+1 [19].

Results and discussion

In the present study we investigated the effect of

phalloidin on the thermodynamic properties of ADP-

actin filaments. During the calorimetric experiments

the actin was used in 69 �M concentration. The sam-

ples were prepared from skeletal ADP-actin monomers

in the presence of 2 mM MgCl2 and 100 mM KCl. The

contribution of the G-actin content to the results was

very small during the measurements as the critical con-

centration of ADP-actin is around 1 �M [14]. The

maximum effect on the DSC curves that was caused by

the monomers was less than 2% so the impact of the

actin monomers on the heat denaturation curve was

considered negligible.

The denaturation curve can be characterized by

the melting temperature (Tm), i.e. the temperature

where the heat transition curve reaches its maximal

amplitude. Comparing the different Tm values it is pos-

sible to characterize the thermodynamic stability of the
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different forms of the proteins [43, 44]. Generally, high

Tm values are related to thermodynamically stable pro-

tein conformations [43]. The position of the Tm values

is basically independent from the applied thermody-

namic model describing the denaturation process.

The DSC curve of the phalloidin-free sample of the

ADP-actin filaments showed one peak with a Tm value

of 58°C. This result is in good agreement with previous

studies when the same shift to a smaller Tm value was

observed compared to the ATP-actin filaments.

The effect of phalloidin was tested at different

actin:phalloidin concentration ratios (0.2:1, 0.3:1,

0.5:1, 1:1). In the presence of phalloidin an extra peak

appeared on the transition curves at 82.9°C (Fig. 1).

This peak can represent the actin population that is di-

rectly stabilised by the toxin molecules. At the lower

ratios of the applied toxin the peak that belongs to the

lower Tm value became distorted due to the presence

of protomers that were not binding phalloidin but

were affected indirectly by the drug through allosteric

interactions. To evaluate this situation, a previously

successfully applied model was used. The model de-

scribed by Visegrády and his colleagues used Eq. (1)

to reveal the connection between the stabilizing effect

of phalloidin and the change that was induced on the

DSC curves. In this equation k is the size of the coop-

eratively influenced unit in the actin filament. A

higher k value can be related to the higher degree of

cooperativity. When k equals 0 then no cooperativity

can be identified within the filament.

In our case Gaussian curves were assigned to the

different populations during the fitting procedure.

The three different clusters that were identified during

the fitting procedure are the toxin bound protomers,

the toxin free protomers not influenced by phalloidin

and the toxin free protomers that are to some extent

influenced by the phalloidin molecules (Fig. 2). The

under-curve area of the toxin free protomers not influ-

enced by phalloidin divided by the total under-curve

area of the heat transition curve can give us A, that is

needed for the fitting procedure (Fig. 3). The fitting of

Eq. (1) to the data points could reveal that the value of

k was 1.07�0.11 for the actin filaments prepared from

ADP saturated actin monomers. This k value shows

that the effect of one toxin molecule can be trans-

ferred to 3 protomers (2k+1) including the directly

bound actin protomer as well. These results can

clearly show that the cooperativity of the ADP-actin

filaments is lower compared to ATP-actin.

Conclusions

Our present results could confirm the previously

shown fact that skeletal ADP-actin filaments are ther-

modynamically less stable than ATP-filaments. We

also found that phalloidin could effectively stabilize

the ADP-actin filaments as well. The binding of

phalloidin to ADP-actin filaments induced cooperative
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Fig. 1 The recorded DSC denaturation curve of ADP-F-actin

(69 �M) � – without phalloidin, and � – in the presence

of 69 �M phalloidin as well (phalloidin:actin molar

ratio=1:1, pH 7.3)

Fig. 2 DSC curve — – in the presence of 13.8 �M phalloidin

(phalloidin:actin molar ratio=0.2:1), and � – Gaussian

fit of the curve. --- – Gaussian fits of the different

protein fractions

Fig. 3 The ratio of non-influenced actin protomers (A) in

terms of the phalloidin:actin concentration ratio

(k=1.07�0.11)



stabilization in the neighbourhood of the directly af-

fected protomers. Our results showed that the size of

the cooperatively affected region spreads over 3 proto-

mers (2k+1) in ADP-filaments, which is smaller than 7

that was identified in the case of ATP-filaments.

The decreased cooperativity might indicate the

decreased effectivity of the interprotomer interactions

within the ADP-actin filaments. The decreased

cooperativity of these filaments might be involved in

the reduced function of the ATP depleted region of

the muscle tissues.

Acknowledgements

The Setaram Micro DSC-II was purchased with a grant

(CO-272 (Dénes L�rinczy)) from the Hungarian Scientific Re-

search Fund.

References

1 P. Cossart, Curr. Opin. Cell Biol., 7 (1995) 94.

2 C. Lamaze, L. M. Fujimoto, H. L. Yin and S. L. Schmid,

J. Biol. Chem., 272 (1997) 20332.

3 J. E. Estes, L. A. Selden, H. J. Kinosian and L. C. Gershman,

J. Muscle Res. Cell Motil., 13 (1992) 272.

4 G. Hild, M. Nyitrai, J. Belágyi and B. Somogyi, Biophys. J.,

75 (1998) 3015.

5 G. Hild, M. Nyitrai and B. Somogyi, Eur. J. Biochem.,

269 (2002) 842.

6 M. Nyitrai, G. Hild, J. Belágyi and B. Somogyi, Biophys. J.,

73 (1997) 2023.

7 M. Nyitrai, G. Hild, J. Belágyi and B. Somogyi,

J. Biol. Chem., 274 (1999) 12996.

8 M. Nyitrai, G. Hild, Z. Lakos and B. Somogyi, Biophys. J.,

74 (1998) 2474.

9 M. F. Carlier, Curr. Opin. Cell. Biol., 3 (1991) 12.

10 B. Gaszner, M. Nyitrai, N. Hartvig, T. K�szegi,

B. Somogyi and J. Belágyi, Biochemistry, 38 (1999) 12885.

11 M. Nyitrai, G. Hild, N. Hartvig, J. Belágyi and

B. Somogyi, J. Biol. Chem., 275 (2000) 41143.

12 J. Orbán, D. L�rinczy, M. Nyitrai and G. Hild,

Biochem. Biophys. Res. Commun., 368 (2008) 696.

13 J. Orbán, K. Pozsonyi, K. Szarka, S. Barkó, E. Bódis and

D. L�rinczy, J. Therm. Anal. Cal., 84 (2006) 619.

14 T. D. Pollard, I. Goldberg and W. H. Schwarz,

J. Biol. Chem., 267 (1992) 20339.

15 I. Löw, P. Dancker and T. Wieland, FEBS Lett.,

65 (1976) 358.

16 T. Wieland, Int. J. Pept. Protein Res., 22 (1983) 257.

17 H. Faulstich, A. J. Schafer and M. Weckauf,

Hoppe Seylers Z. Physiol. Chem., 358 (1977) 181.

18 B. Visegrády, D. L�rinczy, G. Hild, B. Somogyi and

M. Nyitrai, FEBS Lett., 565 (2004) 163.

19 B. Visegrády, D. L�rinczy, G. Hild, B. Somogyi and

M. Nyitrai, FEBS Lett., 579 (2005) 6.

20 M. O. Steinmetz, K. N. Goldie and U. Aebi, J. Cell Biol.,

138 (1997) 559.

21 J. A. Barden, M. Miki, B. D. Hambly and C. G. Dos Remedios,

Eur. J. Biochem., 162 (1987) 583.

22 E. M. De La Cruz and T. D. Pollard, Biochemistry,

35 (1996) 14054.

23 H. Faulstich, S. Zobeley, D. Heintz and G. Drewes,

FEBS Lett., 318 (1993) 218.

24 R. A. Milligan, M. Whittaker and D. Safer, Nature,

348 (1990) 217.

25 H. M. Warrick, R. M. Simmons, J. T. Finer, T. Q. Uyeda,

S. Chu and J. A. Spudich, Methods Cell Biol., 39 (1993) 1.

26 J. Orbán, D. L�rinczy, G. Hild and M. Nyitrai, Biochemistry,

47 (2008) 4530.

27 N. L. Golitsina, A. A. Bobkov, I. V. Dedova, D. A. Pavlov,

O. P. Nikolaeva, V. N. Orlov and D. I. Levitsky,

J. Muscle Res. Cell. Motil., 17 (1996) 475.

28 S. Halasi, G. Papp, B. Bugyi, S. Barkó, J. Orbán,

Z. Ujfalusi and B. Visegrády, Thermochim. Acta,

445 (2006) 185.

29 N. Hartvig, B. Gaszner, M. Kiss, D. L�rinczy and

J. Belágyi, J. Biochem. Biophys. Methods, 53 (2002) 67.

30 R. Kardos, A. Vig, J. Orbán, G. Hild, M. Nyitrai and

D. L�rinczy, Thermochim. Acta, 463 (2007) 77.

31 D. I. Levitsky, O. P. Nikolaeva, V. N. Orlov, D. A. Pavlov,

M. A. Ponomarev and E. V. Rostkova, Biochemistry (Mosc.),

63 (1998) 322.

32 D. I. Levitsky, E. V. Rostkova, V. N. Orlov,

O. P. Nikolaeva, L. N. Moiseeva, M. V. Teplova and

N. B. Gusev, Eur. J. Biochem., 267 (2000) 1869.

33 D. L�rinczy and J. Belágyi, Thermochim. Acta,

259 (1995) 153.

34 J. Orbán, S. Halasi, G. Papp, S. Barkó and B. Bugyi,

J. Therm. Anal. Cal., 82 (2005) 287.

35 G. Papp, B. Bugyi, Z. Ujfalusi, S. Halasi and J. Orbán,

J. Therm. Anal. Cal., 82 (2005) 281.

36 D. L�rinczy and J. Belágyi, J. Therm. Anal. Cal.,

90 (2007) 611.

37 D. L�rinczy, Zs. Vértes, F. Könczöl and J. Belágyi,

J. Therm. Anal. Cal., 95 (2009) 713.

38 A. Vig, R. Dudás, T. Kupi, J. Orbán, G. Hild, D. L�rinczy

and M. Nyitrai, J. Therm. Anal. Cal., 95 (2009) 721.

39 G. Feuer, F. Molnár, E. Pettkó and F. B. Straub,

Hung. Acta Physiol., 1 (1948) 150.

40 J. A. Spudich and S. Watt, J. Biol. Chem., 246 (1971) 4866.

41 T. W. Houk Jr. and K. Ue, Anal. Biochem., 62 (1974) 66.

42 H. Strzelecka-Golaszewska, J. Moraczewska,

S. Y. Khaitlina and M. Mossakowska, Eur. J. Biochem.,

211 (1993) 731.

43 A. Cooper, M. A. Nutley and A. Wadood, Protein-Ligand In-

teractions: Hydrodynamics and Calorimetry, S. E. Harding

and B. Z. Chowdhury, Eds, Oxford University Press,

Oxford 2001, p. 287.

44 D. L�rinczy, F. Könczöl, B. Gaszner and J. Belágyi,

Thermochim. Acta, 322 (1998) 95.

DOI: 10.1007/s10973-008-9407-2

712 J. Therm. Anal. Cal., 95, 2009

DUDÁS et al.



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


