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ABSTRACT New data are presented for the a-helix content of non-cross-linked and cross-linked a-tropomyosin 
at near-neutral pH as a function of temperature (20-70 “C) and over a 1000-fold range of protein concentration. 
Helix content is obtained from circular dichroism measurements by a new method. Experimental thermal 
denaturation curves are dependent upon concentration for the non-cross-linked protein but independent of 
it for the cross-linked protein, indicating the mass actional effect of chain dissociation in the non-cross-linked 
case. When the data are used to determine the helix-helix interaction parameter [w(Z‘)] introduced earlier 
and the resulting w(T) is used in the realized theory previously developed, a rather satisfactory fit of theory 
to experiment is obtained over the entire investigated range of temperature and protein concentration. The 
theory also generates predictions concerning the average molecular weight as a function of temperature for 
the non-cross-linked protein at a given concentration. The w ( T )  obtained for cy-tropomyosin yields values 
for various standard thermodynamic properties (AG”, AH”, AS”, and AC,”) characterizing the helix-helix 
interaction. Comparison is made with those obtained earlier from extant data on a short-chain synthetic model 
coiled coil (XY,) whose hydrophobic helix-helix interactions are entirely due to leucine-leucine contacts. The 
interaction free energy in XYs is seen to be more favorable than in a-tropomyosin, largely because of its enthalpic 
advantage; the standard entropy of the interaction actually favors a-tropomyosin. The percent helix calculated 
from theory for cross-linked chains is always larger than that obtained by experiment. This disagreement 
is ascribed to distortions in local short-range [a and 4271 and/or long-range [w(Z‘)] interactions attendant 
upon formation of the disulfide link-effects not encompassed by the present theory or reflected in the 
parameters used to realize it. The theory is thus shown to provide a rational framework that serves to separate 
out effects of mass action and local distortions in comparing non-cross-linked and cross-linked proteins, since 
it has previously been thought that cross-linking destabilizes only part of the molecule and stabilizes the rest. 
Similarly, the theory is shown to allow the effects of differences in chain length, cross-linking, and helix-helix 
interaction to be clearly distinguished when a-tropomyosin is compared with the smaller, synthetic model 
coiled coil XY6. 

I. Introduction 
In the preceding papers in this series,’s2 a statistical 

theory is described that treats the thermally induced 
transition of a helix to random coil for polypeptides that 
form two-chain a-helical, coiled coils, i.e., molecules com- 
prising two a helices, side-by-side, in parallel and in reg- 
ister, with a slight supertwist. The theory is couched in 
terms of three types of parameters, s, u, and w, each of 
which embodies a particular contribution to the interac- 
tions that stabilize the helical structure. Specifically, these 
interactions are (1) the well-known “short-range” inter- 
actions, that lead to a free energy of initiation of a helical 
conformation a t  a particular residue [written -RT In (us)] 
and to a free energy of addition of a helical residue to an 
existing helical stretch (written -RT In s) ,~-’  and (2) the 
“long-range” interactions, that lead to a free energy arising 
from the proximity of an a-helical turn on one chain to 
that on the second chain (written -RT In w).’ 

Thus, of these two classes of interactions, the first 
corresponds to the concept of “secondary structure” and 
the second to the concept of “quaternary structure” as used 
in classical protein chemistry. Clearly, u and s are expected 
to depend on the nature of the amino acid residue and w 
is expected to depend on the nature of the interchain pairs 
of residues that are in contact at the site in question; thus, 
both classes reflect the primary structure of the chain. 
Moreover, s and w are expected to be temperature de- 
pendent. In practical applications, the theory can be 
”realized” by use of the extensive determinations of u and 
s ( T )  for the relevant amino acids from Scheraga’s labo- 
r a t ~ r y . ~ - ~ ~  Use of these values by Mattice e t  al.24925 to  
calculate properties of single, partially a-helical protein 
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chains (where w ( T )  is not required) has led to very prom- 
ising results. Recently, the entire collection of values of 
the u and s ( T )  parameters has been summarized in con- 
venient algorithmic form.2 Recent modifications (for Ile 
and Gln) are described below. 

Tropomyosin is the prototypical a-helical, two-chain, 
coiled coil and, moreover, is a protein important in muscle 
c o n t r a c t i ~ n . ~ ~ - ~ ~  Each of the polypeptide chains in the 
molecule has 284 residues. In the form isolated from rabbit 
cardiac muscle, the chains (designated “cy chains”) have 
the same, known sequence. Obviously, this is the most 
attractive object to which the two-chain theory could be 
applied. However, since detailed information on w(T) for 
the various types of interchain contacts is not available, 
the first application of the theory2 was made to a synthetic 
polypeptide, designated XY,, that has a 43-residue chain 
of a sequence much more uniform than tropomyosin’s but 
that was carefully chosen by its creators, Hodges and co- 
workers, to mimic the pattern of hydrophobic and charged 
residues in the sequence of tropomyo~in.~’ This synthetic 
material had been found to display the a-helical, two-chain, 
coiled-coil structure and could be studied with the chains 
either cross-linked (by a single disulfide link near one end) 
or not cross-linked. Such a chain is expected to display 
little variation in w ( T )  along its length, and the theory, 
with an appropriate choice of w ( T ) ,  was found to be ca- 
pable of fitting the thermal denaturation data for the 
cross-linked molecule.2 Only very limited data for the 
non-cross-linked molecule are as yet available for this 
synthetic substance. 

Application of the realized theory to tropomyosin was 
necessarily tentative for several reasons. There is the 
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question of local variations in  w(7') along the chain, already 
described above. However, even if one is prepared to 
accept use of an appropriate average w(T) at every point,  
t he re  are sti l l  difficulties. Most extant data on thermal 
transitions of tropomyosin were taken for protein isolated 
f rom skeletal muscle,  which is a natural (-4:l) mixture 
of two types  of cha ins  (a and /3) differing somewhat in 
amino acid composition and sequence. The effects of such 
heterogeneity m a y  be material .  Furthermore, theory  de- 
mands that separated chains of tropomyosin have rather 
low helix content," the high helix content observed at near 
room temperature being, perforce, attributed to helix-helix 
a t t rac t ive  interactions. Thus, non-cross-linked cha ins  
should dissociate upon destruction of the helical structure 
and, concomitantly,  of the chain-chain attraction. If so, 
then theory, as well as the most elementary mass actional 
considerations, also demands that the thermal denatura- 
tion curves be dependent upon protein concentration. Yet, 
although tropomyosin denaturation curves have been un- 
der observation for some years in several laboratories 
(including this'one), protein concentration has h i the r to  
been considered so minor in interest that publications 
often do not even contain a record of it. Finally, although 
the"1atter difficulty seemingly can be circumvented b y  
careful s t u d y  of the cross-linked protein (which cannot 
dissociate), the only such s t u d y  extant, that for Lehrer's 
laboratory, concerns skeletal (and therefore heterogeneous) 
tropomyosin and, fur thermore ,  reveals a complex dena- 
turation curve characterized b y  an anomalous 
"pretransition" that is difficult enough to in te rpre t  qual- 
i ta t ively and complicates quantitative interpretation 
e n o r m ~ u s l y . ~ ~  

For these reasons we report here an experimental in- 
vestigation of the circular dichroism of non-cross-linked 
and cross-linked rabbit cardiac tropomyosin (which com- 
prises only a chains) as a function of temperature and 
protein concentration in the region of near-neutral pH. In 
this s tudy ,  we confine attention to the region of the prin- 
cipal transition (20-70 0C).43 The statistical theory under 
discussion deals with the helix content  of the solution and 
not circular dichroism, per se. Consequently, it is necessary 
to obtain as good a measure as possible of the helix content. 
We have therefore  also reexamined  the means of calcu- 
lating helix content f rom circular dichroism data and re- 
port here on what we hope is an improved method. Fi- 
nally, we describe our efforts t o  fit the realized theo ry  to 
the data and the light the results cast on the experimental 
findings. 

11. Methods 
Prote in  P repa ra t ion  a n d  Manipulations.  Rabbit cardiac 

tropomyosin was prepared by minor modification of standard 
procedures comprising preparation of an alcohol-acetone powder, 
extraction, and several successive isoelectric and ammonium 
sulfate  precipitation^.^^^^ The protein solution was lyophilized 
after exhaustive dialysis vs. water and stored a t  -20 "C. The 
resulting preparation was judged satisfactory by the Azao/Az77 
ratio, polyacrylamide gel electrophoresis in sodium dodecyl sulfate 
under reducing conditions, and circular dichroism in benign 
medium. Absorbance at  277 nm was used routinely to  determine 
protein concentrations. The extinction coefficient used for benign 
media was 0.314 ~ m ~ - m g - ' . ~ '  

All concentration and circular dichroism (CD) measurements 
described herein were carried out in the benign medium: 
(NaCl),(NaPi)60(7,4).48 To  those solutions where reduction of 
the protein was required, DTT in varying amounts (see below) 
was added. 

Reduction of the interchain disulfide linkage was typically 
accomplished as follows. A protein solution of known concen- 
tration (C, = 5-10 mgmL-') was made 10 mM in D'IT by addition 
of the solid. The resulting solution was heated to 37 "C for 2 h 
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and allowed to stand overnight a t  5 "C. Portions of this reduced 
stock solution were then quantitatively diluted with or dialyzed 
vs. Nz-bubbled (NaCI),(NaPi),(7.4) containing sufficient DTT 
to make the resulting solutions a t  least 0.5 mM in DTT (Cp < 
0.01 mgmL-') or 1 mM in DTT (Cp > 0.01 mgmL-'). 

Cross-linking of the a-tropomyosin chains was carried out using 
Nbs, according to a modification of the procedure of Lehrer.36*42 
To an -8 mgmL-' solution of the protein in (NaCl)m(NaPi)m(7.4) 
was added over a 24-h period four aliquots of (Nb~,)~,JNaPi)50(7.4) 
of volume such that each contained a 3:l molar ratio of Nbs, to 
tropomyosin dimer. The excess Nbsz was then dialyzed out. The 
preparation was analyzed by polyacrylamide gel electrophoresis 
in sodium dodecyl sulfate under nonreducing conditions; gel scans 
showed it to be 93% cross-linked. 

Ci rcu lar  Dichroism and  Tempera ture  Measurements. A 
Jasco Model 5-20 was employed to measure CD. There is some 
disagreement in the literature concerning absolute calibration of 
CD  instrument^.^^"' Some favor calibration with D-pantOlaCtOne 
and others favor d-10-camphorsulfonic acid; nor is there universal 
agreement on the precise procedures by which the calibration is 
to be effected or on the precise absolute value to be assigned and 
preparative procedure adopted for a given compound. We have 
found, for example, that calibration with D-pantolactone (TRI- 
DOM Chemical) in water (30.0 mM in a 0.0100-cm cell to 0.800 
mM in a 1.00-cm cell) a t  room temperature using for the peak 
at 219 nm = -173 degcm2.mmol-' gives values for the mean 
residue ellipticity of tropomyosin when it is very highly helical 
(e.g., near-neutral pH, 25 "C) of -400 degcm*.mmol-' at 222 nm. 
Using a different calibration method, Yang et al. found for rabbit 
skeletal tropomyosin at  222 nm, near-neutral pH, and 25 "C [e,,] 
= -350 in the same units.62 Since our calculation of fraction helix 
from mean residue ellipticity depends mainly on work from Yang's 
l a b ~ r a t o r y , ~ ~ ~ ~ ~  we elected to adjust our absolute calibration to  
conform with theirs. 

Because of the need to control temperature and to cover a wide 
range in protein concentration, several jacketed cells (Hellma) 
were used with path lengths of 0.0100,0.500, 1.000, and 5.00 cm. 
Cell-to-cell agreement for the same solution or for solutions 
quantitatively diluted from a stock was quantitative for solutions 
under conditions such that mean residue ellipticity is expected 
to  be independent of concentration. 

Temperature regulation in the jacketed cells was accomplished 
by circulating ethylene glycol from a Polysciences Model 90 
low-temperature bath and circulator. Temperature measurements 
were made with an Omega Engineering, Inc., Model 450 digital 
thermometer equipped with a subminiature thermocouple 
(chromel-constantan) probe. The temperature of the solution 
in the illuminated volume inside the 0.5, LO-, and 5.0-cm cells 
was measured at  various bath temperatures and plotted vs. the 
bath temperature. Within the precision of the temperature 
measurement, the points for all three cells lie on the same straight 
line (root-mean-square residual = 0.3 "C). 

Since even this small probe is too large to fit between the 
internal optical faces of the 0.01-cm cell, the temperature was 
measured with the probe immersed in the solution inside the cell 
just adjacent to the very narrow region through which the light 
beam passes and also with the probe touching the exterior of the 
cell faces, which are indented in these cells so that they are 
air-thermostated by the jackets. When plotted vs. the bath 
temperature, these points fell on the same straight line as one 
another and as those for the other three cells. Thus, the tem- 
perature inside the 0.01-cm cell is taken to be the same as the 
temperature inside the other cells a t  the same bath temperature. 

In any case since all measurements were at  or above ambient 
temperature, the temperature inside the 0.01-cm cell cannot be 
lower than the temperature of the cell face or higher than the bath 
temperature. If the temperature inside this cell is, in fact, higher 
than that given by the calibration curve (which is the same as 
the temperature of the cell face), the only effect would be to shift 
the denaturation profiles for the highest concentration to slightly 
higher temperatures (maximum of 1.5 "C at  70 "C). Such a shift 
would not be great enough to change any of the conclusions drawn; 
indeed, it would improve the fit to theory. 

After each temperature change, approximately 10 min was 
allowed before the spectra were recorded. Then, two to four scans 
were recorded a t  each temperature; these showed no systematic 
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variation with time, indicating that temperature had equilibrated. 
In recording all denaturation profies, temperatures were decreased 
as well as increased, especially in the transition region. In all 
studies involving reduced protein, the temperature was decreased 
slowly from the highest temperature to about 38 "C, where 
cross-linked and un-cross-linked samples have quite different helix 
content, and another set of scans taken to ensure that the protein 
had remained reduced throughout. In some cases, the entire 
denaturation profile was retraced. We have no doubt that  the 
CD measurements are of equilibrium states. 

Solvent base lines were run with the same sensitivity scales 
and temperature ranges as for the solutions. 

Calculation of Fraction Helix from CD. To obtain the 
fraction of residues in helical form from the observed mean residue 
ellipticity of the solution, [e], it  is necessary to assess the mean 
residue ellipticity for a complete helical chain and for a completely 
randomly coiled chain. Yang and co-workers have supplied im- 
portant experimental information toward this end!2* They find 
that the CD of a fully a-helical chain results from contributions 
of three spectral bands and that the intensities depend upon the 
number of residues in the chain (n). They give the mean residue 
ellipticity a t  wavelength X of a complete a helix of n residues in 
the form53 

[ e h n l A  = -373(1 - 2.5n-l)e-[(X-223.4)/10.812 

-372(1 - 3.5n-1)e-[(A-206.6)/8.91* 

+1010(1 - 2,5n-l)e-[(x-'93,5)/s.412 (1) 

wherein [Ohn] is in units of deg.cm2mmol-' and wavelength in nm. 
The wavelength of interest is 222 nm, where a minimum in the 
CD spectrum lies. At this minimum, eq 1 reduces to 

[e,.] = -386[1 - 2.55n-'] = [eh-][l - 2.55n-'] (2) 

In the following, we will employ eq 2 to obtain the contribution 
of a helical stretch of n residues to the observed mean residue 
ellipticity a t  222 nm. 

The value appropriate to a complete random coil is somewhat 
less certain. In earlier work, the value [e,] = +15.80 deg.cm2. 
mmol-' a t  222 nm seemed the best choice:3 and some workers 
on tropomyosin have employed that figure. More recently,52 
however, Yang et  al. favor [e,] N -20.00 deg.cm2.mmol-'. Ex- 
perience in our own laboratory with thermal and guanidinium 
chloride induced denaturation of tropomyosin and paramyosin 
suggests [e,] N 0.0. Because of this uncertainty, we will retain 
the symbol [e,] in the development that follows. In practice, we 
have made actual calculations using both [e,] = -20.00 and [e,] 
= 0.0; values for fraction helix reported in this paper were obtained 
by averaging the resulting two values of fraction helix. The two 
values averaged do not differ very much except a t  rather small 
helix content, where this difficulty becomes the principal source 
of uncertainty in the calculation. 

We next apply these ideas to the case of a partially denatured 
system in which only helical regions and random regions coexist. 
This presumably applies to tropomyosin. 

In such cases, as Yang e t  al. have shown, the mean residue 
ellipticity is given by53 

[el  = [eh'lah + [e,]@, = [eh"]@h + [ e m  - ah) (3) 

in which a h  (a,) is the fraction helix (random), [e,"] is the mean 
residue ellipticity for a helical residue located within a helical 
stretch ii residues in length, ii is the average length, in number 
of residues, of a helical stretch in the molecule, and [e,] is the 
mean residue ellipticity of a random residue. 

Substitution of eq 2 into eq 3 gives after rearrangement 
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As it stands, eq 4 cannot be directly implemented to  allow com- 
putation of a h  from [e], because although [e,-] and [ec] can be 
estimated as described above, we do not, in general, know ii. 
Somehow, we must estimate that quantity to implement eq 4. 

To  estimate i i, we first define a quantity I as the average 
number of helical regions in a molecule. We then can write 

= n@h ( 5 )  

Figure 1. Average number of helical segments per molecule vs. 
fraction helix. Curve was calculated ii la Fujita from Zimm- 
Bragg-Nagai theory for homopolypeptide chains using u = 4 X 

and n = 284, values characteristic of tropomyosin. 

since both sides of eq 5 represent the total number of helical 
residues. Insertion of eq 5 into eq 4 and solving for fraction helix 
give 

[e1 - [e,] + (2.55I[eh"1/n) 
a h  = (6) 

whereupon it is plain that can be calculated from [e] only if 
an  estimate of I is available. We do know some things about I .  
It is, of course, a function of ah. Indeed, it is obvious that when 
ah = 1, i.e., complete helix, then I = 1; also, when ah = 0, Le., 
no helix, then I = 0. The behavior of I a t  intermediate values 
of ah can be estimated from the Zimm-Bragg-Nagai theory of 
the helix-coil transition in homopolypeptides. The results are 
given by Fujita in a convenient form.55 As his equations 13 and 
15 show, the result is dependent on the values of n and of u. For 
tropomyosin, n = 284 and, on the average, u N 4 X Using 
these in Fujita's equations gives the estimate of I vs. a h  shown 
in Figure 1. 

One could use this curve to provide estimates of I for use in 
eq 6 to obtain values of a h  by successive approximations. How- 
ever, since the effect of the term containing I is small, except a t  
uery low helix content where we always have uncertain data 
anyway, the effort scarcely seems worth it. The only region where 
it would seem to be important is a t  moderately low helix content 
because here the data are decent and the correction term makes 
an appreciable difference. At higher helix content the data are 
very good but the correction is immaterial. In the important 
region, then, i.e., moderately low helix content, 0.1 < a h  < 0.25, 
notice that I 2. Evidently, very little significant error will result 
from setting I = 2 throughout for tropomyosin. In this work, this 
approximation for I was used in eq 6 along with n = 284 and the 
values of [e,-] and [e,] as described above to obtain a h  from the 
[e] measured a t  222 nm. 

Application of the Theory to Tropomyosin. The funda- 
mental theoretical equations employed are exactly as given 
previously.' These equations were implemented by straightfor- 
ward computer programs. These allow computation (once the 
protein concentration, temperature, and appropriate s, u, and w 
values are supplied) of overall fraction helix (for the entire solution 
of non-cross-linked chains), fraction helix of dimer and of mo- 
nomer species, weight fraction of monomer and of dimer species, 
and the equilibrium constants for chain association. 

The values of s ( T )  and u used for each residue (with two 
exceptions) were generated exactly as described earlier2 and were 
such as to reproduce the experimental values compiled in 
Scheraga's laboratory.g21 The exceptions are isoleucine and 
glutamine, for which new values have since become a ~ a i l a b l e . ~ ~ ~ ~ ~  
The new values for isoleucine can be accommodated by substi- 
tution in Table I of our earlier work:2 u = 0.0055, Bo = -0.846, 
B1 = 287.4, and B2 = 0.0. New values for glutamine are u = 0.0033, 
€30 = -8.662, B1 = 4827.1, and B2 = -672 557. These differ ap- 
preciably from previous values, but the isoleucine and glutamine 
content in tropomyosin is small enough that the effect on cal- 
culated helix content is not large. The synthetic tropomyosin 
analogue polypeptide XY5 has neither isoleucine nor glutamine, 

[e,-] - 
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so no change whatever is needed in results previously reported 
for it or its homologues. 

To fit experimental thermal denaturation data to the theory, 
the following procedure was used, which differs somewhat from 
that used earlier. The mean residue ellipticity at 222 nm at each 
temperature was converted to fraction helix as described above. 
A plot of a h  vs. temperature was made and a smooth curve drawn 
through the experimental points by eye. Fits to the theory were 
always made by using "smoothed experimental points", Le., points 
picked off the smooth curve through the data. This has several 
advantages. It legitimately smooths the unavoidable experimental 
scatter; it allows integral temperatures to be used, which speeds 
data entry for the computations; and it allows additional points 
to be employed after the fact, if a particular region turns up results 
unforeseen. 

Each smoothed experimental point is then compared with 
theoretical curves (generated for the same temperature and protein 
concentration) of ah vs. w to estimate the value of w required to 
obtain from theory the smoothed experimental value of a h ,  Once 
w has been estimated, a separate program is used with trial values 
in the vicinity of the estimate to obtain the exact value of w 
required to produce the smoothed experimental value of a h .  

Once this has been done for all experimental points, Le., for 
a series of temperatures and protein concentrations, all the data 
are plotted as RT In w(T)  vs. T. The next step is to obtain a 
function that best fits these data. Earlier, this was accomplished 
by computer fitting all the points to a second-order polynomial.2 
In the present work, a somewhat different procedure was em- 
ployed. Points were included in the fit only if 0.15 5 ah 5 0.93. 
The reason for this lies in the nature of the functional dependence 
of a h  on w. Outside the range indicated, ah becomes extremely 
insensitive to w, so that small scatter in a h  values is magnified 
into catastrophic excursions in w. The smoothed data in the 
included range were then computer fit to the equation 

-AGm = RT In w = BT In T + A, + AIT + A 2 F  ( 7 )  

wherein B, A,,, Al, and A, are constants and T is the Kelvin 
temperature. The reason for choice of this representation of the 
negative of the standard free energy of interaction is that it then 
provides functional forms for the other thermodynamic properties 
that are more in keeping with the way they are ordinarily rep- 
resented; i.e., AH- and AC,- emerge as polynomial expansions: 

AS- = B In T + B + Al + 2A2T @a) 

AHm = -A0 + BT + AZTZ (8b) 

AC," = B + 2A2T (8c) 

Although this form is different from that previously employed, 
the numerical results are immaterially changed. We refit the RT 
In w values for XY5, for example, and find essentially the same 
numerical values for the calculated thermodynamic parameters. 

Equation 7 with the computer fitted values of the coefficients 
can then be used to obtain calculated ("theoretical") values of 
w(T)  and the now fully realized theory used to obtain overall 
fraction helix, fraction of dimer, dimer helix content, and other 
relevant properties of the systern.'v2 

111. Experimental Results 
Non-Cross-Linked a-Tropomyosin. Experimental 

denaturation curves for non-cross-linked (reduced) a-tro- 
pomyosin are shown in Figure 2 as percent helix vs. Celsius 
temperature for the two extreme protein concentrations, 
0.0044 and 5.2 mg.mL-'. The points shown are actual 
experimental values calculated as described above from 
the measured mean residue ellipticities. It is clear from 
the figure that the denaturation curve of non-cross-linked 
tropomyosin is concentration dependent, but it is also clear 
that this would easily be missed without careful temper- 
ature control and measurement and coverage of a rather 
sizable concentration (over 1000-fold) range. Figure 2 gives 
some idea of the experimental scatter. The curves through 
all such data for each concentration were drawn by eye in 

Macromolecules, Vol. 16, No. 2, 1983 

I I I I I I I  

100 a 

6 60 

8 50- 

40 

30 

2 0  

10- 

- 

- 

- 

I I I I I I I I I  

10 20 30 40 50 60 70 80 
t /c 

Figure 2. Observed percent helix vs. Celsius temperature for 
non-cross-linked a-tropomyosin. Open circles and full curve: 
protein at 0.0044 rngmL-' in 5.00-cm cell; filled circles and full 
curve: protein at 5.2 mg-mL-' in 0.01-cm cell. Medium in both 
cases is (KCl)m(KPi)50(DTT),(7.4). Each curve drawn by eye 
to fit data. 
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I 

Figure 3. Experimental percent helix vs. Celsius temperature 
for cross-linked and non-cross-linked a-tropomyosin. Bottom- 
filled circles and dtished curve: non-cross-linked protein at 0.104 
mg.mL-' in 0.500-cm cell. Squares and full curve: cross-linked 
protein at 0.0055 mgrnL-' in 5.00-cm cell (open); 0.055 mg.mL-' 
in 1.000-cm cell (bottom filled); 2.6 mgmL-' in 0.01-cm cell (top 
filled); 8.2 mgmL-' in 0.01-cm cell (filled). Medium in all cases 
is (KC1),(KPi),(7.4), with non-cross-linked protein also con- 
taining 1 mM DTT. Each curve drawn by eye to fit data. 

the absence of data for the other concentrations. The 
resulting "eyeballed" curves are also shown in Figure 2 and 
inasmuch as points picked off these curves ("smoothed 
experimental points") were used to  obtain theoretical fits, 
i t  is important for the reader to  judge from Figure 2 how 
fairly the drawn curves represent the actual data points. 

Cross-Linked a-Tropomyosin. Experimental dena- 
turation experiments for cross-linked a-tropomyosin are 
shown in Figure 3 in a similar manner. Here, experimental 
data (squares) cover an even wider range of protein con- 
centration (0.0055-8.2 mgmL-l), yet all such data fall on 
a single (solid) curve. This lack of concentration depen- 
dence is in clear contrast to  our findings for the non- 
cross-linked protein. 

T o  aid comparison of the shapes of the temperature 
profiles for cross-linked and non-cross-linked material, 
thermal denaturation data for an intermediate concen- 
tration (0.104 mgmL-') of the non-cross-linked protein are 
also shown in Figure 3. Clearly, the profile of the cross- 
linked material shows the peculiar shape described earlier 
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Figure 4. RT In w vs. Celsius temperature for non-cross-linked 
a-tropomyosin. Symbols refer to same protein concentrations 
as in Figures 2 and 3, but points here are from smoothed ex- 
perimental data. Flagged points are outside the range 0.15 I ah 
5 0.93. Curve is eq 7 with numerical coefficients as given in text. 

by Lehrer in his study of the skeletal muscle protein and 
ascribed to a “pretransi t i~n”.~~ The reader will also verify 
that the experiment for non-cross-linked material of in- 
termediate concentration (Figure 3) occupies a position 
between those at the two extreme concentrations shown 
above (Figure 2). 

IV. Theoretical Results 
Non-Cross-Linked a-Tropomyosin. At least a dozen 

points were picked off each denaturation curve shown in 
Figures 2 and 3 and the value of w consistent with each 
point a t  the appropriate concentration and temperature 
was derived from the realized theory. The resulting array 
of points is shown in Figure 4 as RT In w vs. Celsius tem- 
perature. As seen, although perhaps some small depen- 
dence upon concentration exists, the general pattern is 
approximately parabolic with a minimum near 40 “C. 
Flagged points indicate those with ah values outside the 
range deemed reliable for determination of w (see above) 
and were omitted from the computer fit to the data. The 
unflagged data (27 points) are seen to follow rather well 
this computer fit (solid curve), which is given by eq 7 with 

and B = -0.178481 715. The resulting equation, which 
shows a minimum a t  41.5 O C ,  can then be used with the 
realized theory to calculate various properties of the system 
for a variety of chosen concentrations and temperatures. 

How well the fit w ( T )  represents the experiments can 
be seen from Figure 5, wherein are plotted smoothed points 
from experimental curves of Figure 2 along with theoretical 
curves generated by using the w ( T )  with the realized 
theory. The theoretical curve for noninteracting (w = 1) 
helices of a-tropomyosin is also shown (dashed) for com- 
parison. Figure 5 indicates that the fully realized theory 
is rather satisfactory, although it perhaps slightly over- 
estimates the effect of changing concentration, tending to 
produce a t  a given temperature somewhat smaller values 
of a,, than observed at the lowest concentration and 
somewhat larger ones a t  the highest concentration. As 
would be anticipated from Figure 5, intermediate con- 
centrations (not shown) agree virtually exactly with theory. 
We believe it fair to say that the fully realized theory is 
quite consistent with the observed percent helix of non- 
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Figure 5. Experimental and theoretical percent helix vs. Celsius 
temperature for non-cross-linked a-tropomyosin. For protein at 
0.0044 mgmL-’: open circles, smoothed experimental data; lower 
full curve from theory as detailed in text. For protein at 5.2 
mgmL-l: filled circles, smoothed experimental data; upper full 
curve, from theory as detailed in text. Dashed curve is from the 
theory for noninteracting (w = 1) helices. 
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Figure 6. Experimental and theoretical percent helix vs. Celsius 
temperature for cross-linked a-tropomyosin and cross-linked XYk 
model polypeptides. Open squares, smoothed experimental data 
for cross-linked a-tropomyosin. Full curve, theory for stapled 
a-tropomyosin dimers. Dashed curve, experiment and theory for 
cross-linked XY,. Dot-dash curve, theory for cross-linked XY,,. 

cross-linked a-tropomyosin at near-neutral pH in the 20-70 
O C  region of temperature and over a concentration range 
of -0.005-5.0 mg.mL-’. 

Cross-Linked a-Tropomyosin. Figure 6 shows 
smoothed experimental points (squares) obtained from our 
data on cross-linked protein (see Figure 3). The fully 
realized theory allows calculation of the percent helix of 
the dimer species at a given temperature.lV2 This quantity 
is, of course, independent of concentration and in the 
cross-linked case is also the percent helix of the whole 
solution since only dimer species are present. That the- 
oretical curve is also shown in Figure 6 (solid curve), from 
which it is clear that theory and experiment disagree 
markedly, the theory requiring a helix content appreciably 
larger than the experiments display over virtually the 
entire temperature range. 

V. Discussion 
Non-Cross-Linked a-Tropomyosin. The concentra- 

tion dependence shown by the experiments (Figure 2) 
clearly indicates a mass actional effect on the thermal 
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Figure 7. (M),/Mo vs. Celsius temperature for non-cross-linked 
a-tropomyosin. All curves predictions from theory. Full curve, 
protein at 0.0044 mgmL-'; dotted curve, 0.104 mgmL-'; dashed 
curve, 5.2 mgmL-'. 

transition in this system. I t  thus seems inescapable that 
the principal thermal transition in a-tropomyosin is ac- 
companied by chain dissociation. This was previously 
explicitly suggested43 and has probably been tacit in the 
work of several laboratories for some time but has not, to 
our knowledge, hitherto been demonstrated experimen- 
tally. In the different case of denaturation by guanidinium 
chloride, dissociation has been demonstrated, but by direct 
measurement of molecular weight by sedimentation 
e q ~ i l i b r i u m . ~ ~  Once one is aware that a very large con- 
centration range is required, it becomes evident that CD 
itself suffices to demonstrate the presence or absence of 
chain dissociation. The appropriateness of the method is 
reinforced by the finding that the cross-linked protein 
shows no such concentration dependence. Since such a 
conclusion concerning chain dissociation depends only 
upon the law of mass action, its validity clearly is inde- 
pendent of any specific theory of chain-chain interaction. 

Since the fully realized theory under scrutiny fits the 
experimental data of helix content vs. temperature over 
a wide range of concentration, we tentatively conclude that, 
in spite of the use of a site-independent helix-helix in- 
teraction (w) and other crudities, the theory provides a 
rather satisfactory rationalization for the thermal prop- 
erties of the non-cross-linked system and perhaps repre- 
sents the first case of successful extrapolation of this line 
of theoretical development to a native protein structure. 
We remind the reader of the debt that any such success 
of the theory for interacting chains owes to the compilation 
by Scheraga et al. of s and u values required to realize the 
t h e ~ r ? ~ ~  and to the earlier demonstration by Mattice et 
al. that, in the absence of interactions, the theory predicts 
very low helix content for tropomyosin, contra experi- 
ment.24 

Needless to say, the theory will have to withstand other 
tests before it can be considered validated. To aid in that 
endeavor, we present in Figure 7 theoretical curves showing 
the dependence of weight-average molecular weight upon 
temperature for a-tropomyosin at  three different concen- 
trations. These represent predictions that could be 
checked directly by appropriate experimental measure- 
ments of, say, light scattering or sedimentation equilib- 
rium. Notice that all curves show variation from the native 
(dimer) molecular weight to essentially monomer molecular 
weight over the accessible temperature range. This could 
have been already guessed from the percent helix profile 
given by theory in Figure 5, where it is seen that the 
calculated values closely approach those calculated for 
noninteracting (w = 1) chains, i.e., monomers, a t  high 
temperature. There are also a great many challenging data 
from Smillie's laboratory on the temperature dependence 
of CD for segments of polypeptide chain carefully excised 
from a-tropomyo~in.~' Fitting the theory to those curves 

1300 , A. 

should provide another test and, perhaps, give some insight 
into the variation of w(T) along the tropomyosin poly- 
peptide chain. 

We also call attention to the disagreement between the 
temperature dependence of w found by fitting to these new 
data on the non-cross-linked a-tropomyosin (Figure 5)  and 
that tentatively put forward earlier, which was based upon 
extant data on the cross-linked skeletal protein.* Earlier, 
we held the opinion that the best fit for RT In w(T) showed 
no minimum up to -70 "C, although doubts were ex- 
pressed because of the large uncertainties. From our 
present vantage point, we can be considerably more def- 
inite: the new data on the non-cross-linked material would 
be quite incompatible with the theory unless RT In w ( T )  
increases above -41 "C. For example, consider the point 
on Figure 5 a t  55 "C and 5.2 mg.mL-'. If, in fact, RT In 
w(T) remained at  the low value (-530 cal-(mol of block 
pairs)-l it has at  -41 "C all the way up to 55 "C, then we 
would have w(55 "C) N 2.254, and using this value in the 
theory, we find a.helix content of 13.4%; yet, a glance at  
Figure 2 shows that the observed content is 30.5%, far 
outside experimental error. We are therefore convinced 
that only a w(T) that provides for a minimum as shown 
on Figure 5 can successfully explain the data reported here 
on the non-cross-linked a-tropomyosin. The implications 
of this for the extant .and new data on the cross-linked 
protein are discussed below. 

Accepting this new finding for the dependence of the 
mean interaction standard free energy [-RT In lu(T)]  on 
temperature, we can determine the other relevant ther- 
modynamic properties as well (eq 8). These are shown vs. 
temperature in Figures 8 and 9, wherein they are compared 
with those of the tropomyosin model polypeptide XY5 (or 
its higher homologues XYk), which has an all-leucine hy- 
drophobic core,2,38*41 As is seen, the curves of interhelix 
stabilization free energies vs. temperature for a-tropo- 
myosin and its XYk models are roughly the same shape, 
but the minimum in a-tropomyosin is at lower temperature 
(41.5 "C compared with 55.75 "C) and the entire curve is 
shifted substantially toward lower stability from that for 
XYk. The difference is appreciable near room tempera- 
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whose short- and long-range interactions are identical with 
those of the non-cross-linked dimer, but which are tethered 
at  one point so they cannot undergo independent trans- 
lational motion throughout the solution. That is, we are 
imagining a cross-link that has no effect other than 
"stapling" the chains together a t  one point. The solid curve 
on Figure 6 records the behavior required by the theory 
of such a "stapled dimer". The experiments on Figure 6, 
unfortunately, record the behavior of a real dimer, cross- 
linked, perforce, by a real disulfide bond at  Cys-190. We 
are forced to the view, by the disagreement manifest on 
Figure 6, that constraints attendant upon formation of the 
disulfide bridge between chains so alter the s ( T )  and u 
values in the vicinity of Cys-190, and possibly the interhelix 
interaction w(T)  as well, as to render meaningless the 
realization of the theory presently accessible to us. We 
wish to point out that this conclusion is a restatement in 
more physical language of a position already clearly 
presented by Lehrer, who was the first to observe and 
attempt to explain the peculiar denaturation curve of 
cross-linked (sketetal) t ropomyo~in .~~  

We can actually learn something from this complication. 
Note from Figure 6 that the putative stapled dimer is more 
stable than the actual cross-linked molecule over essentially 
the entire accessible temperature range, indicating that the 
constraints imposed by disulfide formation reduce con- 
siderably the stability of the double-helical structure; this 
effect is somewhat concealed in customary direct com- 
parisons of cross-linked with non-cross-linked protein 
because of the mass actional drive toward denaturation 
in the latter, which is totally absence in the former. Such 
direct comparisons lead to the peculiarly unsatisfactory 
view that the cross-link stabilizes the double helix in some 
places and destabilizes it in others, a view that seems 
erroneous in the light of the present theory. I t  is worth 
emphasizing that only the existence of an explicit theory 
allows us to make the necessary comparisons because it 
allows us to deduce from the non-cross-linked case how 
an undistorted (stapled) dimer would behave. This need 
for physical theory is independent of whether the one here 
expounded turns out to be true or false. 

Recently, Mattice and S k ~ l n i c k ~ ~  have developed a 
theory of the helix-coil transition in cross-linked, two- 
chain, a-helical coiled coils that explicitly considers the 
detailed effects of cross-linking on the helix probability 
profiles and overall helix content. In addition to the he- 
lix-helix interaction parameter w, they introduce a second 
parameter w that accounts for modifications in u and s of 
the amino acid residues at  the cross-linked site. For values 
of w < 1, the qualitative behavior of the thermal denatu- 
ration profiles calculated in ref 58 is the same as that of 
the experiments on cross-linked tropomyosin shown in 
Figure 6. Work is under way to apply this more detailed 
theory of cross-linked chains to these data. 

Since the stabilization free energy for the XY5 model 
substance was obtained from data on cross-linked XY5, one 
might well be suspicious that similar constraints are having 
a distorting effect and call into question the values of 
-AGXyhm previously obtained.2 We do not believe this to 
be the case. In the XY5 molecule, as has already been 
stated, the cross-link is very near the end of the chain, 
which is almost always randomly coiled anyway. Conse- 
quently, we do not believe that alterations of u, s ( T ) ,  or 
w ( T )  in its vicinity can have much effect on the overall 
helix content. If there is any residual effect, this can serve 
only to increase the difference seen in Figure 8 between 
the interchain stabilization free energies of XY, and of 
a-tropomyosin. This question could be resolved un- 
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Figure 9. Temperature dependence of standard entropy (A) and 
standard heat capacity (B) of interhelix interaction for a-tropo- 
myosin (full curves) and XYk (dashed curves). 

ture, where -AGXykm is 1030 cal.(mol of block pairs)-l or 
515 cal.(mol of interacting residue pairs)-', whereas -AG%- 
is only 590 cal.(mol of block pairs)-l or 295 cal.(mol of 
interacting residue pairs)-l. 

The rise in -AGTmm above 42 "C is not large enough to 
overcome the rapid deterioration in effective s that occurs 
in that range. The latter is reflected in the rapid fall in 
helix content predicted by theory for noninteracting (w = 
1) chains, as shown in Figure 5. However, above 50 "C this 
fall in effective s abates somewhat and the continued rise 
in the negative free energy of interhelix stabilization 
(-AGTmm) above 70 "C raises the intriguing possibility of 
renaturation at  temperatures above the range so far cov- 
ered. However, the theory is somewhat helpless above 70 
"C since measurements of s ( T )  for most of the amino acid 
residues have not been extended further than that, giving 
us no basis for realization. If experiments on skeletal 
tropomyosin above 70 "C are a valid guide, such renatu- 
ration does not take place.43 

The temperature dependences deduced for the other 
thermodynamic quantities (Figure 8) are qualitatively 
similar to those found earlier and the difficulties in rec- 
onciling such dependence with the putative hydrophobic 
and electrostatic molecular origins of the underlying in- 
teractions have already been sufficiently stressed.2 It  is 
perhaps significant that Figure 8 indicates that the net free 
energetic advantage in interhelix stabilization possessed 
by the model XY5 over a-tropomyosin is entirely enthalpic 
in nature, overriding an entropic contribution that actually 
favors the protein. 

Cross-Linked a-Tropomyosin. We have already noted 
that the lack of concentration dependence seen in the 
cross-linked case (Figure 3) is in accord with the impos- 
sibility of dissociation. We have also remarked on the 
thorough disagreement (Figure 6) between the measured 
helix content and that given for dimeric species by the fully 
realized theory. The discrepancy is disturbing but perhaps 
understandable. The theory relies for its realization upon 
an array of s and u values derived for each amino acid 
residue from experiments on non-cross-linked synthetic 
polypeptides and on a helix interaction, w(T), deduced here 
from experiments on non-cross-linked a-tropomyosin. 
Hence, the solid curve on Figure 6 records, strictly 
speaking, the helix content of two tropomyosin chains 
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equivocally by thermal denaturation studies on the non- 
cross-linked XY, at  known concentration in the absence 
of urea, but such studies do not yet exist and, since XY, 
is not easily synthesized, they may not soon be carried out. 

Acceptance of the stabilization free energy previously 
obtained for XY, and its homologues implies acceptance 
of the calculated fraction helix for its stapled dimers, as 
previously obtained. The resulting curves are also shown 
on Figure 6 for XY, (dashed) and XY39 (dot-dash), the 
latter being the homologue of XY5 with a 281-residue chain 
length, close to that of a-tropomyosin. I t  is remarkable 
that the behavior of the dimeric tropomyosin model XY5 
is not terribly different from that calculated for the un- 
distorted, dimeric species of a-tropomyosin. According to 
the present theory, this similarity is a fortuitous result of 
cancellation of the effect of chain length (which favors 
tropomyosin) and of interhelix stabilization (which favors 
XY,), the more proper comparison being between stapled 
XY3, dimers and stapled a-tropomyosin dimers, a com- 
parison which clearly displays the increased interhelix 
stabilization of the leucineleucine core in XY39 over that 
in tropomyosin. This example serves to emphasize again 
the great need for a physical theory (if not this one, a better 
one) in obtaining sound information from the study of 
model systems and from the substantial and growing body 
of data on a-helical proteins and protein fragments. 
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