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The effectiveness of the first two groups is due to their 
size and stiffness, while the effectiveness of SOz is probably 
related to its quite large size. Finally, the difference found 
on this respect between alcoholic and carbonylic functions 
might be due to their different degrees of solvation as also 
revealed by the much higher water solubility of LP In fact, 
a strongly coordinated shell of water molecules exists 
around the OH group,zo and this is probably responsible 
for its relatively high shielding ability. 
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ABSTRACT New data are presented for the a-helix content of non-cross-linked and cross-linked a-tropomyosin 
a t  acidic p H  as a function of temperature (20-80 O C )  over a 1000-fold range of protein concentration. 
Experimental thermal denaturation curves a t  acidic p H  are independent of concentration for both non- 
cross-linked and cross-linked samples, unlike the case of neutral pH, where i t  was previously shown that the 
non-cross-linked protein data are concentration dependent. The a helix in the non-cross-linked case is more 
stable than in the cross-linked case at  low pH and both are considerably more stable than at  near-neutral 
pH. The  realized theory developed earlier is applied to  these new data. The theory shows that even 
noninteracting helices are considerably more stable a t  acidic pH because of substantial increases in the helix 
propagation parameter s (T )  for aspartic and glutamic acids over those for aspartate and glutamate, respectively. 
The theory for interacting helices fits the data well with an  interaction parameter w(T) that  is only slightly 
larger than that required to fit the data a t  neutral pH. Thus, most of the enhanced tropomyosin helix stability 
in acid has its origin in enhanced short-range interactions [ s ( T ) ]  for its acidic residues. The insensitivity of 
w(T) to pH implies that  the salt linkages, which cannot be present in acid, do not contribute appreciably 
to the helix-helix interaction even when present at neutral pH. The theory also reveals that  dissociation 
to monomers is entirely negligible a t  low pH over the full range of conditions employed, explaining the lack 
of dependence of the observed helix content on protein concentration. The reduced helix content of the actual 
cross-linked dimers, as compared with both theory and experiment for non-cross-linked dimers, confirms an 
earlier conclusion (drawn less directly from the data on the partially dissociated system a t  neutral pH) that 
the actual disulfide cross-link has a locally adverse effect on the helix-stabilizing interactions. 

I. Introduction 
In preceding papers in this series a statistical mechanical 

theory is described that treats the a-helix-to-random-coil 
transition of two-chain, coiled coils’ and the theory is ap- 
plied to extant experiments on a synthetic model poly- 
peptide and to new experiments on a-tropomyo~in.~*~ The 
theory is implemented by use of the extensive compilation 
by Scheraga et al. of the helix initiation (a) and propaga- 
tion [s( T) ]  parameters that characterize the short-range 
interactions for each type of amino acid r e ~ i d u e . ~  Fitting 
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the theory to experimental data for the fraction helix (ah)  
vs. temperature determines a temperature-dependent pa- 
rameter w( r )  that characterizes the helix-helix interaction 
in the coiled coil. In this manner, the theory makes pos- 
sible a partial dissection into its constituent parts of the 
free energy responsible for the overall coiled coil stability. 

Tropomyosin is an important muscle protein whose 
native molecular structure has for some time been known 
to be that of a double a-helical, coiled coil? This molecular 
architecture is certainly a result of the remarkable pseu- 
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dorepeating heptet of residues that characterizes the amino 
acid ~equence .~  The thermal denaturation of the protein 
near neutral pH has been thoroughly investigated and, 
through use of the statistical mechanical theory, at  least 
partly under~tood.'-~ 

Long before any appropriate theory existed and long 
before the tropomyosin sequence was known, it had been 
observed that the a helix in tropomyosin (and in para- 
myosin, also an a-helical coiled coil) is more stable at  pH 
2 than at  near-neutral pHSFs At  first sight this is a 
puzzling result. The most obvious effect that attends the 
reduction in pH from 7 to 2 is the discharging of the 
carboxyls. The most obvious physical effects that would 
then ensue are (1) a substantial increase in the net charge 
of the molecule and (2) destruction of the interhelix salt 
links that (along with hydrophobic interactions) allegedly 
constitute the interhelix stabilizing force. Both effects 
ought to make the structure less stable a t  low pH, contra 
experiment. Although various proposals have been 

no clear-cut explanation of this seeming paradox 
has appeared. 

Because the theory is designed to separate the various 
stabilizing factors, we felt that application of it to the 
problem of tropomyosin stability a t  low pH might shed 
light on these apparent contradictions. For this reason, 
we reinvestigated the circular dichroism of a-tropomyosin 
at  pH 2 as a function of temperature and protein con- 
centration and fitted the data to the theory as in the 
previous We report the results herein along with 
relevant comparisons with the state of a-tropomyosin near 
neutral pH. 

11. Methods 
Virtually all the experimental techniques are identical 

with those described previ~usly.~ In the present instance, 
measurements were made on non-cross-linked a-tropo- 
myosin in (NaC1),w(HCl)lo(DTT)o,5(2.0); for the cross- 
linked material, the DTT was ~ m i t t e d . ~  Particular care 
was taken to ensure reversibility of the thermal denatu- 
ration curves because of the possibility of chain scission 
or of glutamine or asparagine deamidation in acid at  the 
higher temperatures. No difficulties that might be rea- 
sonably ascribed to such effects were observed. Since s(7') 
values are not available above 70 "C, measurements were 
only taken up to 80 "C. 

Fraction helix was calculated from eq 6 of ref 3, which 
requires an estimate of I ,  the average number of helical 
regions in a molecule. Previously we employed the esti- 
mate I = 2 throughout. This time, I = 1 was used to 
initiate a calculation by successive approximations, as 
described (but not implemented) previ~usly.~ Final values 
of I were near 2 and for the cases under consideration the 
present method does not differ materially from the earlier 
one. 

The theory was utilized precisely as before. The input 
u and ~ ( 7 ' )  parameters were the same, except, of course, 
for the aspartic and glutamic acid residues, which differ 
in measured short-range interactions from aspartate and 
glutamate, respectively.lOJ To obtain the values appro- 
priate to low pH, we must alter Table I of our earlier work.2 
The appropriate substitutions are as follows. For Asp, u 
= 0.021, Bo = -7.186, B,  = 3724.8, and B, = -496 890; for 

Using these and the other values with the theory, we ob- 
tained the dependence of the helix-helix interaction pa- 
rameter w(T,2) appropriate to a-tropomyosin at  temper- 
ature T and pH 2.0 by fitting to a function of the form of 
eq 7 of ref 3, just as before. The result was then used in 
the theory as usual to calculate overall fraction helix, 

Glu, u = 0.010, Bo = -1.6047, B1 = 557.82, and Bz = 0.0. 
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cross-linked case a t  pH 7, and also show no dependence 
on protein concentration. 

IV. Theoretical Results and Discussion 
Noninteracting Helices. As previously emphasized, 

it is always enlightening to establish, as a base line, the 
behavior of dimers containing noninteracting helices, Le., 
helices with w = 1. Since, given the amino acid sequence, 
the theory provides various quantities as a function of the 
array of u, s, and w values, each of which may be de- 
pendent upon temperature, pH, or both, some convenient 
notation is desirable. We will employ, then, ah[ u(pH),s- 
(T,pH),w(T,pH)] to mean a set of values of overall fraction 
helix calculated from theory by employing the array of u, 
s, and w values characteristic of the indicated pH and 
temperature. For noninteracting helices a t  pH 2 we thus 
have the theoretical denaturation curve ah[u(2),s(T,2),w 
= 11. This curve is shown as dashed curve D on Figure 
1 along with the corresponding curve (dashed curve E) for 
noninteracting helices near neutral pH, i.e., ah[ u(7),s- 
(T,7),w = 11. 

Comparison of curves D and E reveals a most striking 
difference between tropomyosin at  acidic and at neutral 
pH and goes a long way toward explaining the pronounced 
increase in stability in acid. Whereas single (i.e., nonin- 
teracting) chains form rather unstable helices a t  pH 7, 
being only -25% helical a t  the lowest attainable tem- 
peratures and an almost negligible 7% helical a t  70 OC, 
such chains a t  pH 2 would vary from almost 60% helical 
to almost 20% over the same temperature range. This 
marked stabilization is entirely due to the increase in s( T) 
for aspartic and glutamic acids over the corresponding 
values for aspartate and glutamate and to the sizable 
number of such residues in the molecule. Thus, in good 
part, the augmented stability of tropomyosin a helices at 
pH 2 is a result of enhanced short-range interactions, in 
particular the improved value of the helix propagation 
parameter, of its acidic residues. 

Since most proteins contain substantial numbers of such 
residues, one would not expect this effect to be confined 
to tropomyosin. One might expect a similar enhancement 
for other proteins in solutions of sodium dodecyl sulfate, 
for example, wherein the native structure may be irrele- 
vant, perhaps only a helix and randomly coiled secondary 
structures exist, and the present type of theory therefore 
applies.12 Such enhancement of helix content in acidic 
dodecyl sulfate solutions over that seen in neutral dodecyl 
sulfate solutions has in fact been observed but ascribed 
to another cause, i.e., the loss (at low pH) of charge-charge 
repulsions from local clusters of acidic groups.13 We would 
argue first, that the increase in n e t  charge that accompa- 
nies acidification probably produces a net increase in 
electrostatic free energy of the helix rather than a decrease; 
second, that the persistence of the effect even at  the rel- 
atively high ionic strengths reported here makes it unlikely 
that any charge-charge interactions are crucial in its 
genesis; and third, that the use of the same Chou-Fasman 
parameters as a measure of "helix-forming tendency" at  
both acidic and neutral pH can mislead one to think that 
these tendencies are independent of pH.12 In fact, as 
shown here, examination of the s(T,pH) values shows that 
these tendencies tip the balance strongly in favor of helix 
at low pH. It remains to be seen whether this remains true 
in the presence of sodium dodecyl sulfate. Present evi- 
dence favors the view that, except for cationic residues, 
427 values are insensitive to the presence of that deter- 
gent.12 If so, then acidification of dodecyl sulfate con- 
taining protein solutions should considerably enhance the 
helix content, because the effect is rather large in proteins 
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Figure 3. Helix-helix interaction (RT In w/(cal.(mol of block 
pairs)-') vs. temperature at acidic and at neutral pH. 

with appreciable aspartic and glutamic content. 
Non-Cross-Linked a-Tropomyosin. The data of 

Figure 1, used exactly as before to obtain w(T,2), provide 
results qualitatively too similar to those obtained previ- 
ously to bear repeating. The resulting computer-fit curve 
for R T  In w(T,2) is given by eq 7 of ref 3 with the numerical 
values A. = 63227.5956, A I  = -382.424561, A2 = 
0.585 725 092, and B = -0.082 958 899 2. The curves for pH 
2 and pH 7 are compared on Figure 3. 

When the alogrithm for R T  In w(T,2) is employed in the 
theory, the calculated values of percent helix provide the 
solid curve A shown on Figure 1. Plainly, the theory agrees 
with the measurements within experimental error. Fur- 
thermore, the theory explains the lack of dependence of 
the observed helix content on protein concentration. With 
the array of values of u(2) and s(T,2) employed and the 
w(T,2) shown on Figure 3, the theory provides not only the 
(Ph[u(2),s(T,2),w(T,2)] shown on Figure 1 but also the 
values of the relative populations of two-chain and sin- 
gle-chain molecules. The results show, for the entire in- 
vestigated range of temperature and protein concentration, 
an entirely negligible population of single chains. Thus, 
although the chains are not cross-linked in these experi- 
ments, they remain quantitatively associated, and the 
system shows no effects of mass action. 

Although Figure 3 shows what appears to be a sub- 
stantial difference in interhelix interactions between acidic 
and neutral pH, these differences are, in fact, barely de- 
tectable. At the high helix content always observed at  pH 
2, the helix content is a very insensitive function of w- 
(T,pH). Consequently, the value of w obtained depends 
very markedly on the precise values of fraction helix used 
to obtain the fit. Thus, any small error in a h  translates 
into a rather large error in w. This can most easily be seen 
by employing in the theory the pH 7 values for the he- 
lix-helix interaction free energy along with the proper pH 
2 short-range interactions. The resulting calculated values 
of ah[u(2),s(T,2),w(T,7)] are shown as the solid curve B 
on Figure 1, which is seen to be displaced downward from 
the experimental values by about a mere 5 percentage 
points in helix content. It is impossible a t  present to be 
sure that such a small difference in helix content is in fact 
significant. A small pH dependence of the mean residue 
ellipticity for the intact helix or random coil might easily 
produce enough of a shift in the experimental points to 
account for the observed difference. 

We thus conclude that the mean helix-helix interaction 
is certainly no smaller at pH 2 than at neutral pH and may 
be somewhat larger. In either event, that interaction is 
strong enough so that, acting in concert with the aug- 
mented s at  pH 2, it effectively bars dissociation into single 
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chains and produces a strongly augmented helix content. 
The contrast with the curve calculated for an intermediate 
protein concentration using all parameters at pH 7 ,  i.e., 
@h[a(7) ,s(T,7)w(T,7)] ,  shown as solid curve C on Figure 1, 
is striking. At  pH 7 ,  the marked decrease in favorable 
short-range interactions (along with relatively little change 
in w) results in dissociation and attendant drastic drop in 
helix content in the accessible temperature range. 

The conclusion above that the helix-helix interaction 
is, if changed at all, somewhat stronger at low pH is at first 
sight surprising. As previously noted,2 this interaction is 
a composite of several molecular effects. Most prominent 
among them are, perhaps, hydrophobic and the salt-linkage 
 interaction^.^ The hydrophobic interactions are generally 
believed to the pH independent. Since the salt linkages 
are removed at pH 2, one would have expected the residual 
helix-helix interaction to decrease at low pH. The con- 
stancy (or slight increase) of that interaction would point 
to the tentative conclusion that, at the high ionic strengths 
employed in these experiments, the salt linkages a t  pH 7 
do not contribute very much to the overall helix-helix 
interaction. A more definitive conclusion will have to wait 
upon more thorough dissection of the interhelix interac- 
tion. 

I t  perhaps has not escaped the reader's notice that 
theoretical curve A in Figure 1, i.e., @h[.(z),s(T,2),w(T,z)], 
displays a shallow minimum near 7 2  "C. This occurs as 
a result of the sharply increasing w ( T , 2 )  in this tempera- 
ture region, which overwhelms the decreasing s ( T , 2 ) .  
Unfortunately, although the possibility of an increase in 
helix content with temperature is intriguing, neither ex- 
periment nor theory can be relied upon a t  present for a 
definitive answer. The present experimental data (Figure 
1) show a degree of scatter that makes them not incon- 
sistent with such a minimum, but certainly not demon- 
strative of it. Further experimentation may be fruitful, 
but the region above 80 OC at pH 2 is fraught with tech- 
nical difficulties. The theory is also rather helpless in this 
region. Not only does the persisting high helix content 
make the determination of w uncertain, but the mea- 
surements of s(T) usually do not extend above 7 0  "C, so 
even the theoretical fits in the 70-80 "C region require 
some extrapolation (by algorithm) of the actual data. 

Cross-Linked a-Tropomyosin. We next turn our at- 
tention to the helix content of the cross-linked material 
a t  low pH. On Figure 2 the solid curve is a spline curve 
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drawn to represent the data. The calculated curve @ h [ r ~ -  
(2) , s (T ,2) ,w(T,2) ] ,  i.e., solid curve A of Figure 1, is shown 
as the dashed curve on Figure 2. Since no dissociation is 
predicted by theory in this range, the two curves (each of 
which well represents the respective experiments) show 
rather directly the comparison between the helix content 
of a non-cross-linked dimer and of a cross-linked dimer. 
I t  will be recalled that such a direct comparison is im- 
possible for the pH 7 case, since dissociation at pH 7 
complicates the non-cross-linked case, requiring us to 
deduce from the experiments the behavior of the non- 
cross-linked dimers? As Figure 2 shows, the present, more 
direct, experimental comparison confirms our previous 
conclusion that the presence of an actual physical disulfide 
cross-link reduces the helix stability over a dimer with no 
such real cross-link. Whether this occurs because the 
cross-link alters the short-range (u,s) interactions or the 
long-range (w) interactions, or both, in its vicinity is, at 
this stage, impossible to tell. 
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