
Introduction

Actin is one of the most abundant proteins in biological

systems and has many important functions in cells

[1–4]. Two isoforms can be found in the muscle tissues;

the �-cardiac and the �-skeletal isoforms. The �-cardiac

actin isoform differs from �-skeletal isoform by three

amino acids, which is considered to be a small differ-

ence relative to the total number of amino acids (375).

Skeletal muscle contains only skeletal actin isoform, but

in cardiac muscle both isoforms are expressed. The con-

tribution of the skeletal actin isoform in cardiac muscle

is 16–24% of the total actin content [5, 6].

Actin can exist in its monomeric (G-actin) and fil-

amentous (F-actin) form in cells [7]. The monomer

actin binds an ATP and a divalent magnesium ion un-

der physiological circumstances. The quality of the

bound divalent cation affects the molecular properties

of the actin [8–12]. Actin monomers polymerize to the

filamentous form. The polymerization is accompanied

by the hydrolysis of the bound ATP. ATP is not essen-

tial for filament assembly, therefore ADP-actin mono-

mers can also form filaments [13, 14]. Janmey et al.

suggested that the energy released by the hydrolysis of

ATP could be stored in the protein and affects the fila-

ment structure [15]. The inter-monomer flexibility of

filaments assembled from skeletal ADP-actin mono-

mers was found to be greater than the one assembled

from ATP-bound monomers [13].

Phalloidin, a cyclic peptide from Amanita

phalloides can tightly bind to the actin filaments and

stabilizes their structure [16, 17]. Phalloidin stabi-

lized actin filaments are extensively used for in vitro

studies [18, 19]. Visegrády et al. showed that phallo-

idin made the ATP-actin more rigid, and that the

binding of one phalloidin can have an effect on the

conformation of seven actin protomers [20, 21].

Filaments polymerized from ADP-actin or ATP-

actin monomers can be studied with differential scan-

ning calorimetry (DSC). Calorimetry is a powerful

method to determine the thermodynamic properties of

proteins and to study differences between them on the

molecular level. DSC is extensively used to character-

ize the thermodynamic properties of actin filaments

[20–25]. Previous studies showed that filaments poly-

merized from ATP monomers were thermodynami-

cally more stable than the ones polymerized from

ADP-monomers, independently of their skeletal or car-

diac origin. Actin filaments polymerized from ADP-

monomers of cardiac muscle showed two transition

peaks characterized with different Tm values, indicat-

ing that the denaturation temperature for the two actin

isoforms (cardiac, skeletal) was different [22].

The aim of our study was to investigate the effect

of phalloidin on the thermal properties of actin fila-

ments from ADP-actin monomers of the cardiac tis-

sue with DSC [26–28]. Based on the observations we

concluded that the isoform specific differences be-

tween the thermal stability of the actin filaments poly-

merized from ADP-actin monomers disappeared after

the binding of phalloidin. Phalloidin-binding stabi-

lized the structure of these filaments, and proved to be

cooperative inducing long-range allosteric interac-

tions along the actin filaments.
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Experimental

Materials and methods

Chemicals

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

EGTA 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).

Actin preparation

Cardiac actin was prepared from acetone powder of

bovine heart muscle [29, 30]. The calcium saturated

actin monomers were stored in 2 mM MOPS buffer

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

0.1 mM �-mercaptoethanol and 0.005% NaN3 at 4°C

(Spudich and Watt, 1971). Actin concentration was

determined by using the absorption coefficient

0.63 mL mg
–1

cm
–1

at 290 nm [31].

Preparation of ADP-bound actin filaments

The bound calcium (Ca
2+

) in the actin monomers

was changed for magnesium by incubating the sam-

ples for 5 min at room temperature in the presence of

0.2 mM EGTA and 0.1 mM MgCl2. The nucleotide

exchange on the filaments was done by incubating

the actin for 1 h at 4°C in the presence of

1.65 mg mL
–1

hexokinase, 0.5 mg mL
–1

glucose and

1 mM ADP [32]. When ATP spontaneously dissoci-

ated from the actin monomers, the hexokinase hydro-

lyzed the free ATP and phosphorylated the glucose de-

pleting the ATP content of the buffer. The ADP then

bound to the nucleotide-binding cleft of the actin.

Preparation of phalloidin bound actin filaments

To create phalloidin bound F-actin we added phalloidin

at the same time as the polymerization was started.

Since cardiac-actin polymerize slower than skeletal-

actin, and ADP-bound actin, polymerize even slower,

the polymerizing samples were incubated for 8 h at

room temperature to ensure complete polymerization.

DSC measurements

The calorimetric measurements were performed with

a Setaram Micro DSC-II calorimeter. The DSC mea-

surements were carried out in the temperature range

of 0–100°C. The heating rate was 0.3 K min
–1

. In each

case the samples were heated twice to check the fully

irreversible denaturation of the protein. The polymer-

ization buffer lacking actin and phalloidin was the

reference solution during the DSC measurements.

The actin concentration was 69 �M (3 mg mL
–1

). All

the DSC data were analyzed with Microcal Origin

Software (version 7.5).

Results and discussion

In this study our aim was to describe the phalloidin-in-

duced conformational changes on actin filaments poly-

merized from ADP-actin monomers of the heart muscle.

To achieve this aim we used the method of differential

scanning calorimetry. Previously this method proved to

be able to distinguish between the different actin iso-

forms (�-skeletal and �-cardiac components) of heart

muscle actin provided that the filaments were generated

from ADP-actin monomers [22]. In the present study the

calorimetric experiments were carried out on actin fila-

ments polymerized from ADP-actin monomers in the

presence of 2 mM MgCl2 and 100 mM KCl in the ab-

sence and presence of phalloidin. The sample and the

appropriate reference solution were heated in the range

of 0 to 100°C under isobaric conditions as described in

the Materials and Methods section. The difference be-

tween the energy input of the instrument to the sample

and the reference cell was recorded as the function of

temperature.

The obtained transition curves can be character-

ized by the melting temperature (Tm) where the transi-

tion curve reaches its maximal amplitude. The Tm

value gives information about the thermodynamic sta-

bility of the different forms of proteins. The higher Tm

value correlates with a thermodynamically more

stable protein conformation.

Cardiac muscle contains both �-cardiac isoform

of the actin molecule and �-skeletal actin isoform.

Previous observations showed that the transition

curve of cardiac muscle filaments show two melting

temperatures belonging to the two isoforms of the

actin [22]. Considering the Tm values it is possible to

compare the thermodynamic stability of the different

isoforms [33]. The lower Tm observed for �-cardiac

actin filaments indicated that the structure of the

isoform was thermodynamically less stable than the

�-skeletal part of the actin population [22].

We performed our measurements to determine the

melting temperatures of the cardiac ADP-actin filaments

in the presence of phalloidin. Previous work showed

that �-skeletal ADP-actin filaments have a higher melt-

ing temperature than �-cardiac ADP-actin filaments.

The value of Tm was 54�2°C for the cardiac component,

and 58�2°C for the skeletal component, respectively

[22]. Previous studies also revealed that phalloidin sta-

bilizes the skeletal ATP-actin filaments shifting the

melting temperature from 64.1 to 82.3°C [34]. In our ex-

periments the DSC curve of ADP-actin filaments with-
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out phalloidin showed two separated peaks, which were

attributed to the two actin isoforms (Fig. 1). The melting

temperatures for the cardiac and skeletal isoform popu-

lation were 55.2�0.4 and 58.8�0.4°C, respectively.

Double Gaussian fit was made to the heat transition

curves. This approach was successfully used in the pre-

vious works [22]. The melting temperatures resolved by

the Gaussian fit were 54.7�0.2 and 58.8�0.6°C for the

cardiac and skeletal isoforms, respectively. These Tm

values were close to the obtained peak values from the

original curves.

When the phalloidin was added to the molar ratio

of 1:0.2 (actin:phalloidin) two major transition peaks

appeared. The first peak was at 61.4�0.5 and the sec-

ond at 78.4�0.5°C (Fig. 2). The first peak is related to

the protomers which were unaffected by the binding

of phalloidin. This heat transition curve was the com-

bination of the contributions from the two actin

isoforms. This first transition could be decomposed

into two peaks corresponding to the cardiac and skel-

etal isoform by using Gaussian fits. The decomposi-

tion resulted in melting temperatures of 58.9

and 61.87°C. The second major peak represented the

actin filaments which were affected by the binding of

phalloidin. The melting temperature corresponding to

this transition was higher (78.4°C) than the ones char-

acterizing either of the unaffected actin isoforms

(Fig. 2). These observation showed that the phalloidin

binding stabilized both of the actin isoforms, and the

differences between the isoforms observed without

the effect of phalloidin disappeared after the

phalloidin stabilized the filaments.

When the phalloidin concentration was in-

creased – but still kept under substoichiometric condi-

tion – to 1:0.5 actin:phalloidin concentration ratio the

recorded data showed one transition curve with the

melting temperature of 80.1°C. At stoichiometric

phalloidin concentration (1:1) the melting temperature

of the actin filaments shifted to an even higher value,

to 85.5°C. The observation that the Tm value was lower

at 1:0.5 actin:phalloidin than at 1:1 actin:phalloidin

concentration was probably due to the fusion of the un-

separated peaks belonging to the phalloidin bound and

unbound protomers. At 1:1 actin:phalloidin concentra-

tion ratio the transition peak referring to the actin fila-

ments not affected by the toxin completely disappeared

from the heat transition curve and only the shifted tran-

sition peak of the phalloidin-affected filaments ap-

peared (Fig. 3).
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Fig. 1 The thermal denaturation curve of cardiac tissue origin

F-actin without phalloidin. The peaks represent the

Gaussian fits according to separate � – �-cardiac and

� – �-skeletal population of the ADP-bound actin

filament. The Tm values were 54.7 and 58.8°C for the

filaments polymerized from ADP-actin monomers of

the cardiac and skeletal actin isoforms

Fig. 2 The thermal denaturation curve in the case of 1:0.2

actin:phalloidin ratio. The experimentally obtained curve

was decomposed to three Gaussians. The Gaussian

curves corresponding to the phalloidin bound actin

filaments with � (77.1°C) and to the cardiac component

with � (58.9°C) and skeletal isoform component with

� (61.9°C) of the unaffected filaments are indicated

Fig. 3 The recorded curves in case of � – 1:0.5 and � – 1:1.1

actin:phalloidin concentration ratios. These transition

curves showed single transition peak in the two cases

with Tm values of 80.1 and 85.5°C, respectively



These data showed that the binding of phalloidin

to actin filaments polymerized from ADP-actin

monomers of the heart muscle resulted in only one

transition peak with a single melting temperature at

around 85°C and abolished the separation between

the melting temperatures of the actin isoforms.

Previous measurements showed that the binding

of phalloidin is propagated to distant protomers from

the binding site of the drug [21]. In the lack of

cooperativity one would expect that half of the actin

filaments were unaffected by the binding of

phalloidin at the phalloidin:actin ratio of 0.5:1. In our

experiments the contribution of the unaffected actin

population was much smaller, indicating that the

bound phalloidin could influence the conformation of

more than one actin protomer. We concluded that the

small contribution of the actin filaments unaffected

by the phalloidin to the heat transition peak at

1:0.5 actin:phalloidin ratio indicated that the binding

of phalloidin to the filaments from ADP-actin mono-

mers of the cardiac muscle was cooperative.

Conclusions

In the present study we described the thermal stability

of actin filaments polymerized from cardiac ADP-actin

monomers to characterize the phalloidin binding in-

duced structural changes in the protein. The denatur-

ation curves of filaments from ADP-actin monomers

showed two thermal transition peaks. The two peaks

were attributed to the two actin isoforms – �-cardiac

and �-skeletal – characteristic for the heart muscle.

This observation is in good agreement with previous

works, when in the case of cardiac actin filaments built

up from ADP-actin monomers showed the same ther-

mal transitions and melting temperatures. We applied

phalloidin to examine its effect on the thermal stability

of the actin filaments from heart muscle and found that

the melting temperature increased for the actin fila-

ments after the binding of phalloidin. This observation

indicated that phalloidin had a stabilizing effect on the

filaments. The calorimetric data also revealed that

binding of phalloidin to the actin filament abolished

the separation between the two transition curves ob-

served for the two actin isoforms in the absence of the

drug. Our conclusion is that phalloidin can stabilize the

ADP-actin filaments as well and its strong influence on

the actin filaments can vanish the difference between

actin filaments polymerized from cardiac and skeletal

ADP-actin monomers. When the phalloidin was ap-

plied in substoichiometric concentration – at a

1:0.5 actin:phalloidin concentration ratio the stabiliz-

ing effect by the drug was already apparent. These re-

sults also showed that the binding of phalloidin to the

cardiac ADP-actin filaments was cooperative.

Acknowledgements

This work was supported by grants from the Hungarian Scientific

Research Fund (GVOP grant No. 3.2.1.-2004-04-0190/3.0

(Gábor Hild)). The Setaram Micro DSC-II was purchased with a

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

Research Fund. Miklós Nyitrai holds a Wellcome Trust Interna-

tional Senior Research Fellowship in Biomedical Sciences.

References

1 H. H. Chowdhury, M. R. Popoff and R. Zorec,

Pflugers Arch., 439 (2000) R148.

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

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

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

4 R. J. Pelham and F. Chang, Nature, 419 (2002) 82.

5 H. R. Bergen 3
rd

, K. Ajtai, T. P. Burghardt,

A. I. Nepomuceno and D. C. Muddiman,

Rapid Commun. Mass Spectrom., 17 (2003) 1467.

6 J. Vandekerckhove, G. Bugaisky and M. Buckingham,

J. Biol. Chem., 261 (1986) 1838.

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

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

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

75 (1998) 3015.

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

73 (1997) 2023.

10 M. Nyitrai, G. Hild, J. Belágyi and B. Somogyi, J. Biol. Chem.,

274 (1999) 12996.

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

269 (2002) 842.

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

74 (1998) 2474.

13 M. Nyitrai, G. Hild, N. Hartvig, J. Belágyi and B. Somogyi,

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

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

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

15 P. A. Janmey, S. Hvidt, G. F. Oster, J. Lamb, T. P. Stossel

and J. H. Hartwig, Nature, 347 (1990) 95.

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

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

17 Y. Miyamoto, M. Kuroda, E. Munekata and T. Masaki,

J. Biochem., 100 (1986) 1677.

18 M. R. Bubb, I. Spector, B. B. Beyer and K. M. Fosen,

J. Biol. Chem., 275 (2000) 5163.

19 M. R. Bubb, A. M. Senderowicz, E. A. Sausville, K. L. Duncan

and E. D. Korn, J. Biol. Chem., 269 (1994) 14869.

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

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

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

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

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

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

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

90 (2007) 611.

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

J. Therm. Anal. Cal., 95 (2009) 721.

25 R. Dudás, T. Kupi, A. Vig, J. Orbán and D. L�rinczy,

J. Therm. Anal. Cal., 95 (2009) 709.

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

VIG et al.



26 D. I. Levitsky, M. A. Ponomarev, M. A. Geeves,

V. L. Shnyrov and D. J. Manstein, Eur. J. Biochem.,

251 (1998) 275.

27 A. Muhlrad, I. Ringel, D. Pavlov, Y. M. Peyser and

E. Reisler, Biophys. J., 91 (2006) 4490.

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

Thermochim. Acta, 322 (1998) 95.

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

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

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

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

32 G. Drewes and H. Faulstich, J. Biol. Chem., 266 (1991) 5508.

33 D. M. L. Ladbury, J. Biocalorimetry 2: Applications of

Calorimetry in the Biological Sciences. Ltd. JWS,

Editor 2004.

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

47 (2008) 4530.

DOI: 10.1007/s10973-008-9404-5

J. Therm. Anal. Cal., 95, 2009 725

EFFECT OF PHALLOIDIN ON FILAMENTS POLYMERIZED FROM HEART MUSCLE ADP-ACTIN MONOMERS



<<
  /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


