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Figure 3. Light ray paths through a fiber. 

fiber a t  the center do so radially (B in Figure 3, providing 
n,). Thus, the difference in the core-surface birefringence 
is really the lateral birefringence; i.e. 

where nIl  and n, refer to indices of refraction relative to 
the fiber axis. Thus, An,kin-core is the differential bire- 
fringence or the difference in birefringence of the fiber 
measured at  the core or center of the fiber from that 
measured at  the surface. From Figure 3, nLe n, and nlc 
= nr, and 

( 2 )  
Assuming nIl  does not vary with radial position, that is, 
the limiting case where all the variation in An,,? is due to 
lateral birefringence and none to radial variations in n,, 

"11. = nllc 
and 

Direct measurements of lateral birefringence of Kevlar 
have been madel and shown n, - n, I 0.020; however, 
sample preparation for these measurements is extremely 
difficult, The results here show n, - n, = 0.026. 

Since n, > n, in Kevlar, the plane of the aromatic groups 
lies radially (C in Figure 3) as opposed to circumferentially. 
This finding is in accord with Dobbs,8 based on mea- 
surements using electron microscopy, and Blades,' based 
on measurements of lateral birefringence. 

Registry No. Poly@-phenyleneterephthalamide), 24938-64-5; 
p-phenylenediamine-terephthalic acid, 25035-37-4. 
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In previous papers in this series, an equilibrium statis- 
tical mechanical theory is developed and used to fit data 
for the thermally induced a-helix-to-random-coil transition 
of two-chain, coiled In that work, application of 
the theory is made to cross-linked and non-cross-linked 
a-tropomyosin a t  both near-neutral3 and acidic pH4 and 
to a synthetic 43-residue peptide made to model salient 
features of the a-tropomyosin amino acid s e q u e n ~ e . ~ ~ ~  

This theory requires as input the amino acid sequence 
of the polypeptide chain in question and appropriate 
values, for each amino acid type, of the parameters gov- 
erning the "short-range" interactions, i.e., the helix initi- 
ation (a) and propagation (~(27) parametersa6 The se- 
quence of a-tropomyosin is available.' Algorithms were 
d e ~ e l o p e d ~ , ~  for obtaining ~ ( 7 ' )  values that reproduce the 
measurements of that quantity.8 Values of u can be ob- 
tained from the same source.8 The theory also requires 
measurements of a-helix content at  a known protein con- 
centration. This need was supplied from extant or newly 
generated circular dichroism data. Recently, the formalism 
has been extended to include effects of loop entropy, but 
no data have as yet been treated by this more elaborate 
t h e ~ r y . ~  

With this input information, the theory, as employed 
thus far, provides a quantity -RT In wo as a function of 
temperature.l0 The physical significance of -RT In wo is 
that it represents Avogadro's number times the change in 
standard free energy when two widely separated, transla- 
tionally fixed, a-helical blocks are brought together to form 
the coiled coi1.l Thus, it measures the helix-helix inter- 
action in the coiled coil. 

Thus far, the theory, although it seems to fit the data, 
has been employed in a relatively crude manner in that 
it has been assumed that the value of wo depends only on 
temperature and not on the location of the block within 
the This use of a site-independent wo is suspect 
since evidence exists from studies of excised fragments of 
a-tropomyosin that the half of the molecule near the amino 
end is more stable than near the carboxyl end."-13 

We report here the results of an investigation of possible 
site dependence of the helix-helix interaction by appli- 
cation of the theory to two fragments of tropomyosin, T1 
and T2." These were chosen as particularly apt for our 
purpose for several reasons: (1) Appropriate thermal de- 
naturation curves, i.e., circular dichroism (usually ex- 
pressed as mean residue ellipticity [e]) vs. T ,  are available 
and were determined in the same laboratory, which di- 
minishes systematic errors. ( 2 )  These two fragments add 
up to a full tropomyosin molecule but have no residues in 
common; i.e., they are obtained from the parent chain by 
a single cut. (3) The cut is almost in the middle of the 
chain so that each fragment has about the same degree of 
polymerization. This ensures that certain statistical effects 
due t o  chain length are not the source of any observed 
differences. (4) The stabilities of the T1 and T2 fragments 
have not been reported to be dependent on the method 
of isolation, as is the case for some other fragments." 

It will be seen that the theory allows us to compare the 
two halves of the tropomyosin polypeptide chain with 
respect to the helix-promoting influence of both the 
"short-range" interactions and the "long-range" (Le., he- 
lix-helix) interactions. 
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Figure 1. Percent helix ( looah) vs. Celsius temperature for 
non-cross-linked fragments of a-tropomyosin. Open circles, data 
for T1 at a concentration of 1.015 mg.mL-' (6.22 X M in 
chains). Filled circles, data for T2 at a concentration of 0.723 
mg.mL-I (4.12 X M in chains). Lower curves are theory for 
single chains of T1 (full curve) and T2 (dashed curve). Upper 
curves are theory including algorithmic values of helix-helix 
interaction as described in text for T1 (solid curve) and T2 (dashed 
curve). 

Met hods 
Experimental thermal denaturation data for non- 

cross-linked T1 and T2 fragments were obtained by 
picking values from the spline curves of [ O ] T / [ e ] l o ' c  vs. 
T given in Figure 14 of ref 11. These data were converted 
to [elT values and the concentration of the measurement 
obtained through additional experimental information 
supplied by the authors of ref 11. The resulting values of 
[ elT were converted to fraction helix as described previ- 
o ~ s l y . ~ ~ ~  The experimental data were taken in an aqueous 
solvent of composition (KC1),,(KPi),(DTT)l(7.0).14 The 
ionic strength of this medium is somewhat less than that 
employed previously in the fit of the theory to intact 
tropomyosin; in the latter case, moreover, the principal 
cation was Na+. However, the helix content is not very 
dependent on ionic strength and, in any event, our primary 
purpose here is to compare T1 with T2 rather than either 
with tropomyosin. The substitution of K+ for Na+ is im- 
material. 

The resulting data of fraction helix vs. T were fit to 
obtain a theoretical curve of RT In wo vs. T as before, using 
values in the range 1 5 9 0 %  helix. Fragment T1 has 133 
residues, comprising residues 1 (at the amino terminus) 
through 133 of tropomyosin. It was therefore treated as 
19 consecutive, complete heptets, each composed of a 4- 
block (abcd positions) followed by a 3-block (efg positions). 
Fragment T2 has 151 residues comprising residues 134-284 
of tropomyosin. It was therefore treated as 21 consecutive, 
complete (4,3) heptets, followed by a single 4-block (abcd 
positions) a t  the C terminus. 

Results and Discussion 
The experimental thermal denaturation data for T1 

(open circles) and T2 (filled circles) are shown as percent 
helix vs. temperature on Figure 1. Since the molar con- 
centrations of T1 and T2 are of the same order of mag- 
nitude, the greater relative stability of the amino-terminal 
segment (Tl) is immediately apparent. The upper solid 
and upper dashed theoretical curves of Figure 1 are dis- 
cussed below. The lower solid (Tl) and lower dashed (T2) 

I /c 
Figure 2. RT In wo vs. Celsius temperature for non-cross-linked 
fragments of a-tropomyosin. Open circles, values required to fit 
T1 data; filled circles, values required to fit T2 data. Solid curve 
is fi t  to the T 1  points. Dashed curve is fi t  to  the T2 points. 

theoretical curves of Figure 1 are for single chains (wo = 
1) of the respective fragments. It is immediately evident 
that the latter two curves are virtually indistinguishable, 
showing that in spite of the difference in sequence in T1 
and T2, the short-range interactions, embodied in the 
sequence of u and s ( T )  values, would lead to essentially 
the same rather low helix content for single chains of the 
two segments. It is immediately evident that the theory 
requires that the observed differences in the two-chain 
molecules be caused by differences in helix-helix inter- 
actions. 

This result is stated quantitatively in Figure 2, where 
values of RT In wo required to fit the data are shown for 
each fragment. Values for T1 are clearly higher by about 
100 cal.(mole of block pairs)-', indicating greater helix- 
helix attraction, and are somewhat more temperature 
dependent. Algorithms chosen to fit values of RT In wo 
for each fragment are also shown on Figure 2 and when 
these are used to calculate fraction helix, the resulting 
curves (shown on Figure 1) for each fragment fit the ex- 
perimental data rather well. 

I t  should be stressed that the principal conclusion en- 
unciated here, i.e., that  the observed advantage in helix 
stability of the amino half vs. the carboxyl half of the 
a-tropomyosin molecule is entirely due to helix-helix in- 
teraction, follows immediately from the observation that 
experimentally T1 and T2 differ in helix content at about 
the same concentration, whereas the theory for single 
chains predicts they are the same. This conclusion is 
therefore independent of the validity of the theory as ex- 
tended to embrace coiled coils. It depends only on the 
validity of the 2 X 2 matrix theory for single chains and 
on the correctness of the input (a and ~ ( 7 ' ) )  parameters 
employed. The observation that the difference in stability 
is about 100 cal.(mole of block pairs)-l does, of course, 
require use of the coiled coil theory and may be dependent 
upon its validity. From preliminary work, however, we 
believe that this observed free energetic difference is about 
the same when the theory including loop entropy is em- 
p10yed.~ 

Needless to say, the calculations reported here assume 
site independency for wo( T )  within a given fragment. 
Thus, the values obtained are perhaps themselves averages 
over a rather broad range of individual, site-specific in- 
teractions. Some data are available for subfragments that 
could be employed to investigate this question with a finer 
mesh. However, as noted above, some of the fragments 
have been observed to have properties dependent upon the 
method of preparation." Furthermore, work is in progress 
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on the extension of the theory to include the statistical 
effects of loop entropyg and perhaps also of out-of-register 
structures (which may exist in the transition zone of the 
thermal denaturation curve). Under the circumstances, 
it is wise to wait until a completely self-consistent set of 
data on the various fragments can be fit with a more 
complete theory. 
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Kowblansky and Zema recently reported diffusion 
coefficients (D,) for acrylamideJacrylic acid copolymers 
(PAM) of various charge densities ({) as a function of the 
polymer concentration (C,) and the added NaBr (C,).’ 
These data suggested that D, was a linear function of C, 
and that the slope ( S )  and intercept ( D  O) depended on 
both { and C,. In particular, D,O decrease8and S increased 
as C, decreased and/or {increased. An apparent peculiar 
feature of these data when presented on the same graph 
was a common value for D, at  the polymer concentration 
C, = 0.03% (w/w). This common value of D, = 6.4 X lo-’ 
cm2/s led these authors to postulate the existence of a 
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Table I 
Characterization of the  Diffusion Data of 

Kowblansky and Zema for PAM 
D p 0 x  108, s x  108, 

c,, M cm2/s cm2/sC(%) f a  
0.1 
0.1 
0.1 
0.1 
0.5 
0.5 
0.5 
0.5 

6.21 13.9 
5.48 37.2 
4.66 63.4 
3.83 101.7 
6.28 7.2 
5.79 26.1 
5.53 31.7 
4.95 48.5 

0.02 
0.31 
0.63 
1.85 
0.02 
0.31 
0.63 
1.85 

a Defined as e2/ckTb, where the average intercharge 
spacing b was estimated f rom potentiometric titration 
measurements with an  assumed value of 2.5 A between 
vinyl groups. 

“critical concentration” in which “the trends in D, on either 
side of the critical point indicate that different interactions 
dominate above and below this concentration”.’ It is 
shown in the present note that these linear D, vs. C, plots 
are also consistent with current polyelectrolyte theories 
without having to propose the existence of a “critical 
concentration”. 

For the purpose of quantitative reanalysis of the Kow- 
blansky-Zema data, we employ the expression derived by 
Schurr et al.293 for D, 

where D, and D; retain their meaning as above, D, is the 
average diffusion coefficient for the counterions and the 
byions (referred to as the small-ion diffusion coefficient), 
and 

where Z is the apparent charge on the polyion. In the dual 
limits C, >> ZC and D, >> D,, eq 1 reduces to the familiar 
Donnan equilitrium form 

(3) 

There are two additional effects to be included ad hoc to 
obtain our operational expression: electrolyte dissipation 
effects and direct polyion-polyion interactions. The effect 
of an asymmetric distribution of small ions about the 
polyion is to provide an additional source of dissipation; 
hence D; is expressed in terms of the composite friction 
factor4 

D,,” = kT/{6a7p + [(Z2e2/12a2t~D,) X 

where 0 is the solvent viscosity, e is the electron charge, 
a is the polyion radius, K is the Debye-Huckel screening 
parameter, and e is the bulk dielectric constant. The 
quantity in the square brackets is the additional friction 
due to electrolyte dissipation. Direct polyion-polyion in- 
teractions also result in a dependence of D, on C,, which 
we denote by the parameter Az. Our final expression for 
the linear dependence of D,  on C, is therefore 

(5) 

where DPo is defined by eq 4. We represent the data of 
Kowblansky and Zema’ by the linear expression 

D, = DPo + SC(%) (6) 

where C(%) is the percent weight of PAM and D,,” is the 

D, = D,O[1 + (Z2C,/2C,)] 

(1  - ((1 + 2Ka) exp{-2Ka]))]) (4) 

D, = D,O[l + ((2?/2C,) + 2Az)C,] 
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