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Frog and rabbit an- and n/%tropomyosins were purified. and their thermal stabilities determined hy use of optical rotatory 
dispersion. The tropomyosins were found to he virtually completely helical at 5°C. Regions of different thermal stahihties 
were seen for all tropomyosins. Rabbit and frog acr-tropornyosin show very similar thermal properties, with main transitions 
near 47-49OC. The main transition for frog c&tropomyosm is at 32OC. The results show that the olfl-tropomyosins are less 
stable than the ala-forms. Only thermal transitions of the &forms appear to he correlated with the body temperatures of the 
animals. 

1. Introduction 

Tropomyosin (TM) is an important component 
of the contractile apparatus of skeletal and cardiac 
muscles, where it is involved in the calcium-depen- 
dent regulation of myosin-actin interactions to- 
gether with troponin [l]. TM is also found in 
several nonmuscle cells [2], where its function is at 
present unclear. Rabbit TM consists of two 284- 
residue peptide chains, arranged in register and 
parallel, forming a coiled-coil a-helical structure 
[l]. Skeletal muscle tissues contain two major forms 
of TM chains, designated as LY- and B-chains. 
Most tissues contain (YCK- and a&TMs, in propor- 
tions depending on the type and source of muscle 
[3]. The physiological significance of the two TM 
forms remains unknown, and little is known about 
physicochemical and biochemical differences be- 
sides their amino acid sequences [4] and degrees of 
phosphorylation [ 51. 

The thermal stability of rabbit CW-TM has been 
studied extensively by use of a broad range of 

techniques including circular dichroism and opti- 
cal rotatory dispersion (ORD) [6], fluorescence [7], 
calorimetry [8] and enzyme probes [9]. Most of 
these studies support the idea that rabbit TM 
contains regions or domains with different ther- 
mal stabilities. Less stable domains could have 
physiological significance in terms of giving flexi- 
bility to the structure or being involved in confor- 
mational transitions during regulation [6610]. Only 
few studies have been reported on the stabilities of 
TMs from other species and &forms [lo-121. 
Therefore, thermal stabilities, as monitored by 
ORD, were determined of WY- and &TMs from 
frog and rabbit, in order to investigate whether 
CW- and &TM, show different thermal stabilities 
and to see whether thermal transitions are corre- 
lated with the body temperatures of the animals. 

2. Materials and methods 

Rabbit and frog (Rana temporaria) TMs were 
extracted and purified from ethanol and acetone- 
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dried powder following standard procedures [13]. 
Leg muscles were used for frog and rabbit &TM 
preparations. Back muscles of rabbits were used 
for a(r-TM preparations. Crude TM solutions were 
isoelectrically precipitated twice at pH 4.6, fol- 
lowed by ammonium sulfate fractionation at pH 
7.0. Fractions between 48 and 60% saturation were 
collected. Hydroxyapatite chromatography was 
used to separate LYLY- and &TMs [14] in 1 M KC1 
and 15 mM ,&mercaptoethanol at pH 7.0. Elu- 
tions were performed with linear gradients from 
50 to 200 and from 10 to 150 mM phosphate, 
respectively, for rabbit and frog preparations. Pure 
fractions were collected, isoelectrically precipi- 
tated, and dialyzed against 0.6 M NaCl, 20 mM 
sodium phosphate (pH 7.0), 0.5 mM EDTA and 
0.2 mM NaN, (buffer M). Sample purities were 
determined by SDS-polyacrylamide gel electro- 
phoresis. A Tris-glycine slab gel system was used 
with 12% acrylamide. The relative content of cy- 
and &chains was determined from densitometric 
scans (LKB 2002) of the Coomassie blue-stained 
protein bands. 

Protein concentrations were determined by 
fringe counting in a model E analytical ultra- 
centrifuge, assuming 40 fringes/l% solution. The 
ultraviolet absorptions of the same solutions were 
also measured on a Varian spectrophotometer at 
5°C. ORD measurements were made using a Gary 
model 60 spectropoiarimeter equipped with a ther- 
mostatted 1 cm cell. The Moffitt-Yang parameter 
(6,), the corrected mean residue specific rotation 
at 231.4 nm ([m’],,,,) and the ratio of rotational 
angles at 215 and 231.4 nm (cY~,~/(Y~~~,~) were 
determined at 5”C, as described elsewhere [15]. 
The thermally induced unfolding of TM between 
5 and 70°C was monitored by following the tem- 
perature dependence of [rn’],,,, in steps of l-3OC. 
Most ORD measurements were made on samples 
dialyzed extensively against buffer M, to which 0.5 
mM dithiothreitol was added as a sulfhydryl-re- 
ducing agent, since cysteines are believed to be in 
the reduced state in muscles. ORD unfolding mea- 
surements were also performed on frog @-TM 
samples with methylcarboxyamidated sulfhydryl 
groups in buffer M. Iodoacetamide was used fol- 
lowing the procedure described by Lehrer et al. 
[7]. No free sulfhydryl groups were detected after 

the reaction, indicating nearly complete blocking 
of cysteines [7]. Excess iodoacetamide was re- 
moved by isoelectric precipitation followed by di- 
alysis against buffer M without reducing agent. In 
order to follow the unfolding of TM under more 
nearly physiological salt concentrations a solution 
of reduced frog &TM was also dialyzed against 
90 mM KCl, 20 mM potassium phosphate (pH 
7.0), 0.1 mM EDTA, 2 mM MgCl,, and 0.5 mM 
dithiothreitol prior to the ORD measurements. 

3. Results 

Frog TM resembles rabbit TM in showing two 
bands on polyacrylamide gels, as shown in fig. 1. 
The fastest migrating band for rabbit has been 
designated the a-band, and the slowest one the 
P-band. The same notation will also be used for 
frog TMs. Hydroxyapatite chromatography, which 
has often been used to separate rabbit a(~- and 
cup-forms, also results in an excellent separation of 
the two frog forms. An estimate of the purity of 
the sol- and @TM preparations was obtained by 
use of densitometric scans based on the assump- 
tion of similar staining intensity of cy- and /3- 
chains. Samples of purified W-TM never con- 
tained more than 2% &-TM contamination, and 
purified &-TM contained between 48.5 and 50% 
P-chains, which corresponds to, at most, 3% IXLU- 
TM contamination. The rabbit W-TM prepara- 
tions only showed trace amounts of Q-TM, 

A 
a P B 

Fig. 1. SDS-polyacrylamide gel electrophoresis of TMs. (A) 
Lane 1. rabbit nu; lane 2, rabbit afi; lane 3, frog au; lane 4, 
frog c$ (B and C) Densitomettic scans of frog ap- and 
tin-TM, respectively. 
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whereas rabbit &TM preparations often con- 
tained between 10 and 15% (Y(Y forms. 

The ultraviolet absorption spectra of the four 
TM forms are very similar. The extinction coeffi- 
cient at 277 nm was found to be 0.290 + 0.006 
ml/mg per cm for all four samples, after subtrac- 
tion of the absorption at 320 nm. The ratios of 
absorptions at 277 and 260 nm were between 2.3 
and 2.6, indicating little or no contamination with 
nucleotides. ORD properties of the four TMs are 
also very similar at 5°C as shown in table 1. 
Three indicators of helical content were used, and 
the calculated helical contents, based on assumed 
reference ORD values for completely helical and 
random states [El, are shown in parentheses. Fig. 
2 illustrates the unfoldings of reduced frog &TM 
samples in buffer M and in the solvent with more 
nearly physiological ionic strength. Unfolding oc- 
curs at 2-3°C higher temperatures in buffer M 
than in the lower ionic strength solvent. The un- 
folding of methylcarboxyamidated frog &TM is 
also shown in fig. 2, and it is seen to be virtually 
identical to the unfolding of the reduced form. 
The reversibility of the unfolding was followed by 
cooling the TM solutions back to 5°C from the 
highest temperature. Typically 90-95% of the loss 
in [m’],,,,, during the thermal unfolding was re- 
covered after cooling. One way of characterizing 
the thermal transitions is to find the temperature, 
T l/2? where the bf1231.4 value is the average of its 
values at 5 and 70°C. Values of Tt,2 for all four 
TMs are summarized in table 2. The solid lines in 
Fig. 2 correspond to the temperature-dependent 
helical and random coil reference states [15]. The 
difference quotients were then calculated as 
AfJA r, where AT is the temperature increment 
between two measurements, and then plotted 

Table 1 

ORD properties of tropomyosins at 5°C 

Values in parentheses are helical contents, calculated as de- 
scribed in ref. 15. Units of [m’] and bc are deg/cm per dmol. 

Sample - b’h.4 - h 
_ a215/a231.4 

Rabbit (~a 15600 (0.99) 625 (0.98) X.181 (0.93) 
Rabbit up 15400 (0.98) 623 (0.97) 1.190 (0 95) 
Frog LXI 15800 (1.01) 623 (0.97) 1.187 (0.94) 
Frog o/3 15600 (0.99) 627 (0.98) 1.195 (0.96) 

01 
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Fig. 2. Thermal unfolding of frog @TM, followed by ORD. 
(0) In buffer M, (e) iodoacetamide-treated TM in buffer M 
without dithiothreitol, (0) in physiological solvent. A smooth 
curve is drawn through the data in buffer M. Broken lines refer 
to the temperature-dependent helical and random coil refer- 
ence states [15]. 

against the average temperature before and after 
the temperature increase. The unfolding process of 
frog @-TM is seen to result in two well-resolved 
major transitions, and the three other systems 
show a minor transition between 33 and 3g°C 
together with a major transition between 47 and 
50°C. The temperatures corresponding to the first 
and second peak are denoted TI and T,, respec- 
tively, and were reproducible to within + 1°C. 
Values of T, and T, are summarized in table 2. 
The approximate fractions of the structures in- 
volved in the low-temperature transitions were 
estimated from the areas under the peaks, based 
on a somewhat arbitrary separation of the transi- 
tion curve into two components. Only the frog 
&TM transition curve is resolved well enough 
for accurate estimates of the fractions. 
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I‘able 2 

temperatures ( "C) of tropomyosins 

Kabblt uu 46 34 (11) 41 
Rabbit ~$3 44 32 (21) 47 
Frog aa 47 38 (16) 50 
Frog ap 33 32 (59) 49 
Frog L@ h 33 32 (59) 49 
Frog ~$3’ 31 30 (57) 46 

a Values in parentheses denote percentage of total transitloll 
involved in ‘r, transition. 

h lodoacetamide-treated TM in buffer M without dithiothrel- 
to1. 

c Sample in physiological solvent (see text). 

4. Discussion 

The results summarized in table 1 indicate that 
the four TM forms are nearly completely helical at 

low temperatures, in agreement with findings for 
rabbit arar-TM of many previous investigations. 
Several studies have also indicated that rabbit 
acr-TM contains regions or domains with different 
thermal stabilities [6-lo]. Evidence for less stable 
regions near the middle [7-91 or in the C-terminal 
half [6] of rabbit era-TM has been accumulated. 
The presence of such regions has been inferred 
from studies of fragments [6,8] or from the ex- 
istence of pre-transitions during the thermally in- 
duced unfolding process [7,9]. The derivative plots 
in fig 3 show such low-temperature transitions 
between 30 and 35°C for all the TMs. The high- 
temperature transitions occur near 47°C and the 
fact that they are not smooth and symmetrical 
indicate that even these transitions are not simple 
two-state transitions, but probably involve unfold- 
ing of several domains with similar transition tem- 
peratures in agreement with earlier studies on 
rabbit da-TM [6,8]. The transition temperatures 
depend somewhat on solvent composition, as seen 
in fig. 1 and table 2. In the solvent with lower salt 
concentrations the transition temperatures are 
about two degrees lower than in buffer M for both 
transitions, and the shapes of the derivative curves 
are also very similar in the two solvents. The 
transitions are also seen to be independent of 
whether the sulfhydryl groups are blocked or re- 
duced, making it unlikely that the two-state un- 

TEMPERATURE, !b 

Fig. 3. Thermally induced helix-coil transitions of TMs in 
buffer M. The difference quotients of loss in helicity to temper- 
ature increment are plotted against temperature. Top panel 
shows results for rabbit; bottom for frog: (0) aa-TM, (0) 
&TM. 

folding is due to disulfide formation. 
The physiological significance of the low-tem- 

perature transition and the existence of both CYW 
and &-forms remains unclear. Rabbit (UP-TM is 
seen to be about 2’C less stable than the rabbit 
acu-form, when T,,, is used as an indicator of 
thermal stability. The frog &-TM unfolding dem- 
onstrates a very clear example of a low-tempera- 
ture transition which involves a very significant 
fraction of the structure (59%). The results also 
show a clear T,,, difference of 14°C between the 
frog WY- and c&TM. 

Although the physiological implications are un- 



clear, our ORD results for rabbit and frog TM 
indicate that there are physicochemical differences 
between the CX(Y- and &forms, and that &forms 
are less stable and therefore perhaps more flexible 
than acu-forms. The body temperature of rabbit is 
near 37°C and 13-26°C for frog [16]. This physi- 
ological difference does not give rise to differences 
in thermal stability of the two UY-TMs. Frog 
cuar-TM is even seen to be slightly more stable than 
rabbit acr-TM. So the thermal transitions in the 
crcr-forms do not show any correlation with the 
body temperatures of the muscle. The two alp- 
forms exhibit clear differences in thermal stabili- 
ties. The dtfference m r,,, is ll°C as compared 
with a body temperature difference of 11-24OC 
between the two species. The stability of the c& 
form appears therefore to be more nearly corre- 
lated with the physiological temperatures. Whether 
this is also true for a/3-TMs from other species 
remains to be seen from further investigations. 

Conformational transitions in tropomyosin and 
myosin rod, another coiled-coil a-helical structure 
from muscles, have been studied extensively in 
recent years both experimentally and theoretically 
[17]. Various factors appear to be important for 
the stability of domains in coiled-coil structures. 
Such structures contain a high percentage of 
helix-forming amino acid residues. An amino acid 
composition analysis on frog (Y(Y- and &TM 
(unpublished result) show that the latter contains 
lower percentages of alanine, leucine and iso- 
leucine, which are among the helix-forming amino 
acids [18]. Frog &-TM is at the same time richer 
in threonine, valine, and methionine, which are 
not especially favourable for helix formation. The 
amino acid composition differences of frog cycy- 
and &TM may therefore explain part of the 
difference in thermal stability of the coiled-coil 
structures. Another important factor for the stabil- 
ity of the coiled-coil structure is the hydrophobic 
interactions between the two chains [1,4], but in- 
vestigations of such effects necessitate knowledge 
about the amino acid sequences. Thermal stabili- 
ties of domains in TM are important in order to 
understand its physiological role during contrac- 

tion and to separate localized flexibility in the 
structure from the general flexibility of coiled-coil 
proteins [19]. Frog TMs appear to he promising 
systems for further investigations of the role of 
olcr- and cup-TMs during muscle contraction and 
of the factors which in general regulate the stabil- 
ity of coiled-coil proteins. 
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