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KINETICS OF HELIX-COIL TRANSITION OF POLYPEPTIDES 

IN SOLUTION BY THE RELAX4TION METHODS 
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Relaxation phenomena were studied in aqueous solutions of poly (a-L%lutamic acid) (Gin),, and poly (rr-L-lysine) (Lys),, 
under various conditions using the electric field pulse method with de?ection by conductivity change. The relaxation time 
for the (Glu),, has a maximum value at the midpoint of the helix-coil transition. Some possible mechanisms are discussed 
and the observed relaxation phenomenon is attributed to the heli..-coil transition. In the case of (Lys)rr, the relasation time 
as a function of pH exhibits two maxima. One is assigned to a proton transfer reaction and the other to the helix-coil tran- 
sition. Using the Schwarz’s theory the rate constants of the helix growth step for both (Glu),, and (Lys), are estimated. The 
difference in the activation parameters for (Glu),, and (L~s)~r is discussed. 

1. Introduction 

The conformational transitions of biopolymers are 
known to play an important role in their functions in 
biological systems_ The helix-coil (H-C) transition of 
synthetic polypeptides has been studied extensively as 
a useful model for conformational transitions of biopol- 
ymers. The equilibrium properties of the H-C tran- 
sition have been studied in detail both experimentally 
and theoretically [ 1 ] _ Many kinetic studies have been 
made by the various relaxation methods such as the 
temperature-jump [2,3] ) ultrasonic absorption 14-71, 
and dielectric relaxation techniques [S,V] . However, 
the dynamic features of the H-C transition still are 
not clear. 

Burke et al. have estimated limits for the relaxation 
time of the H-C transition of (Glu),, as 5 X lob8 < 
r < lo-5 by combining their result of ultrasonic ab- 
sorption with that of the temperature-jump method 
by Lumry et al. [2] _ Subsequently, relaxation pheno- 
mena due to H-C transitions have been observed ex- 
perimentally by using the ultrasonic absorption method 
for poly(o-D-o,lutamic acid) by Inoue [6] and for 
(Gh.t&r by Barksdale et al. [7] _ The maximum relaxa- 
tion times near the midpoint of the II-C transition 
have been estimated as 1.1 X 10e6 s at 30°C and 1 X 
10e6 s in 0.03 M NaCl at 37OC, respectively. 

On the other hand, for aqueous (Lys), which differs 

from (Glu),, in chain length and the kind of dissociat- 
ing groups, relaxation due to the H-C transition has 
not yet been observed. Only the relaxation of the pro- 
ton transfer process by ultrasonic absorption measure- 
ment has been found [lo]. 

The purpose of the present work is to confirm the 
assignment of the relaxations observed by the electric 
field pulse (EFP) method and to obtain the detailed 
information of the dynamic picture for the H-C tran- 
sition of the (Glu),, and (Lys),,. 

2. Experimental 

The sodium salts of (Glu)rr , (NaGlu), , with degrees 
of polymerization (dp) of 100,250, and 700 were sup- 
plied from Ajinomoto Co., inc. The samples were dia- 
lyzed against deionized water for 2 days and lyophilized 
and dried at 50°C for 4 hr in a vacuum just prior to the 
preparation of the stock solutions (5 X lOA residue 
mole) which were stored in a refrigerator. The sample 
solutions were prepared by dilution of the stock solution 
with deionized, distilled water to the desired concen- 
tration- Since low conductivity of the solution is re- 
quired for the EFP measurements in order to obtain a 
square wave pulse, the concentration rang3 used is 
limited from 5 X 10d5 to 2 X lOA residue mole. The 
tetrabutylammonium salt of (Glu),, , (TBAGlu), was 



Fig. 1. The block-diagram of the efectric field pulse apparatus. 

prepared by passing a given volume of (NaGlu),, solu- 
tion through the column of TBA-neutralized ca;ion- 
exchange resin (Dowex 50 W-X8). Completeness of 
ion exchange was checked by flame test. For pH adjust- 
ment, HCI. &OH, and tetrabut)rlammoniunl~ hydroxide 
were used. All these chemicals were of reagent grade 
and were used without further purification. Hydrobro- 
mide salt of (Lys)?,) (LysHBr),, , was purchased from 
the Protein Research Foundation, Japan. The samples 
were dialyzed against deionized and carbon dioxide- 
free water. Three different sample solutions were ob- 
tained through diaiysis and ultrafiltration: low (degree 
of polymerization, DP, 90). middle (DP 300), and 
high (DP + 300). Molecular weights were determined 
by sedimentation velocity measurement using the 
HITACHI UCA-1 A ultracentrifuge. The poly (L-Iysine 
hydroxide), (LysHOH)?, I artd poly(L-lysine acetate), 

(LysHAc&, , solutions were prepared by passing 
(LysHBr),, through a column of anion-exchange resin, 
Amberlite 400. The pH indicators were of reagent 
grade and were used without further purification. The 
pH measurements were carried out with an accuracy 
of 10.05 pH unit by a Hitachi-Horiba F-5 type pH 
meter at room temperature just before the relaxation 
studies and the optical rotatory dispersion (ORR) 
measurements. In order to obtain the degree of disso- 
ciation, (Y, the titration of (Glu),, and (Lys),, solutions 
was performed with MC1 or &OH at room temperature 
in a nitrogen atmosphere_ To avoid a large error result- 
ing from a change in the pH value which is due to 
contamination by KC1 from the calomel electrode 
during the course of the usual titration, pH measure- 
ments were carried out on a very small amount of solu- 

tion taken from the large quantity of the titrated sample 
solution. The degree of dissociation was calculated as a 
function of pH by subtracting the black curve graphi- 
cafly from the curve of the (Glu& and (LysX, solution. 
respectively- 

ORD measurements were carried out in the wave- 
length 225-350 nm with a JASCO ORD,!UVS spectro- 
polarimeter using a S-cm quartz lidded cell. The tem- 
perature was controlled to 10.3°C by circulating thernio- 
stated water around the cell. The helis contems wer+ 
evaluated from ORD data using the following equation 

where [77zflX0 is the measured value of the reduced re- 
sidue rotation at the minimum point of the trough 
in the vicinity of 233 mn. and [r?z’J& and [FE’]~~ are 
the reduced residue rotations for completely helical 
and coiled states, respectively. These values were calcu- 
lated from the following equations by Warashina and 
Ikegami [l I] as a function of temperature T(“C) for 

(Glu),, 

h 
f~?Z’(731233 = -18400 + 66T ) 

WI $33 = -2000 , 

and by Chou and Scheraga [ 12 ] for (Lys),, 

h 
E~72’(3-)1233 =-16200+100T. 

WI;33 =--x00. 
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diagram of the apparatus is shown in fig. 1 _ A l-km 
length of lOC-2V coaxial cable was used as a capacitor. 
The transients were followed by monitoring the con- 
ductance change with a Wheatstone bridge. The differ- 
ence in voltage between points A and B (fig. 1) was 
detected by a Tektronix type W plug-in differential 
preamplifier. Two resistances of the lower arms of the 
bridge are equal and the value of resistance is selected 
so as to give about 10 V as input signals of the ampli- 
fier. The distance between the two electrodes of the 
sample cell is fixed at 0.3 cm and that of the reference 
cell is kept variable_ The reference cell contains a NaCl 
solution of approximately the same conductance as the 
sample solution. The resistances of both cells were 
matched precisely by adjusting the distance of the two 
electrodes of the recerence cell. The duration af the 
high voltage pulse applied to the bridge is 10 or 20 us, 
and the rise and decay times of the applied electric 
field are much faster than 0.1 ps. The electric field 
intensity in the cell is usually about 30 kV/cm. As a 
test of the appamtus, dissociation field effects for two 
pH indicators, bi omcresol purple and phenol red, 
were measured spectrophotometrically, and the results 
agreed with those reported by Ilgenfritz [ 131. 

Fig. 2. The typical relasation spectrum for (NaGlu),, (DP = 
350), 1.0 x 104 residue mole, pH 6.63, at 75°C: sweep 2 1.4 
div. [33]. 

Fig. 3. TIE concentration dependence of the rcc~procal rclz~sa- 
tion time versus pl< curve for (N~GIu),~ (DP = 250) at X’C. 
(a) 5.7 x lo-’ residue mole,(e) 8.0 X 10-s residue mole. (:) 
1.0 x 103 residue mole, (0) 1.0 X lo4 residue mole [33]. 

The electric field pulse apparatus used here is similar 3. Results and discussion 

to that originally constructed by llgenfritz [ 131. A block 
3. I_ PoI_I’(o-I, -girl tainic acid) 

The kinetic measurements were carried out in the 
pH range 5.5-8.0. Outside this pH range there still 
existed a small amplitude relaxation for which an accu- 
rate relaxation time could not be estimated because 
of its small magnitude, and at the extremes of pH 5.0 
and 9 _O the relaxation effect disappeared completely . 
A typical relaxation curve is shown in fig. 2. The direc- 
tion of the relaxation signal indicates an increase in the 
conductance of the solution by the application of the 
electric field. The relaxation spectra show that a rapid 
increase of conductance occurs with application of the 
electric field and is followed by the relaxation part of 
the conductance increase, which is characterized by a 
single relaxation at all pH values. Fig. 3 shows the pH 
dependence of the relaxation time for (NaGlu),, with 
dp = 250 at various polymer concentrations (5 X lo-” 
-2 X lo4 residue mole). The relaxation time has a 
maximum value at pH 6.6 and is independent of polymer 
concentration_ Fig_ 4 shows the corresponding pH de- 
pendence of the helix content from the ORD measure- 
ments. In this figure the H-C transition region shifts 
considerably to the higher pi-l side in comparison with 
that reported in the literature [l 1,14,15] and depends 
slightly on the polymer concentration. These shifts of 
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Fig. 4. The pH dependencies of the helix content (solid curve) 
and the degree of dissociation (dashed curve) for (N~G~u),~ 
(DP = 250). Solid curves (0) 5.0 X 10-s residue mole, (:) 1.0 
x 10-4 residue mole, at 25’C. Dashed curve: 1.0 x lo4 rc- 
sidue mole at room temperature-[ 33]_ 

the transition region can be explained as the zffect of 
the ionic strength of the counterion [ 161. It is seen 
from figs. 3 and 4 that the relaxation time reaches its 
maximum value in the vickity of the midpoint of the 
H-C transition. This maximum at the midpoint of 
H-C transition was observed at all studied temperatures. 
The same results were obtained not only in the solu- 
tion of (TBAGlu),, with dp = 250 but also in the solu- 
tion of (NaGlu),, with dp = 700. However, in (G~u)~, 
with lower dp (about 100) the magnitude of the reiaxa- 
tion was so small that accurate estimation cf the relax- 
ation time was not possible. Fig. 5 shows the ?H depen- 
dence of the relaxation time under various electric 
field densities (EFD). Although a definite increase in 
the relaxation amplitude with EFD was observed on 
the experiments, the relaxation time remained constant 
as seen in fig,S_ 

When a high electric field is applied to the poly- 
electrolyte solution, the conductivity may be affected 
in three different ways [ 17,18] _ One of them is due to 
the change in mean mobility of the charge carriers 
caused by orientation of the long axis of the polyion 
in the direction of the field (orientational t<eld effect). 
The second case is the increase in conductivity due to 
increased dissociation of the proton of the carboxyl 
group in the side chain or counterion bound to the 
polyion by application of a high electric field (disso- 

I ti \I B + 
6 
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PH 

1 

/ 

Fiz. 5. The dependence of the reciprocal relaxation time versus pH 
curve on the electric field density for (NaGIu),r (DP = 2501, 
1.0 x 104 residue mole, at 25°C. (3) 73 kV/cm, (-) 30 kV/cm, 
(0) 66kV/cm 1331. 

ciation field effect). Also there is the possibility that 
a high electric field induces the change in polyion 
mobility. Accordingly there exist four possible mecha- 
nisms for the observed relaxation processes: ar. orienta- 

-tion process, an ion-binding reaction of the counterion, 
the proton-transfer reaction, and the H-C transition_ 
These possible mechanisms will be examined in detail. 

3.1.1. Oriematio~z field effect /I 7.18/ 
The electric field induces electric dipoles on the poly- 

elecrrolyte particles due to the polarization of the inner 
ionic atmospheres of the polyions and causes the orien- 
tation of their long axis in the direction of the field. 
As a consequence of anisotropy of the nonspherical 
particle, anisotropy of the conductivity is produced in 
the solution. When the orientation is caused by a pure 
induced dipole, which may be applied to the present 
case, the relaxation time of the orientation process at 
high EFD [17] is 

rE = 1.68 XkTfa!IIDrX E-2 , (6) 

where 5E is relaxation time, a1 1 is polarizability per- 
pendicular to the electric field, D, is the rotational 
diffusion coefficient, and E is the electric field density, 
respectively. The most chsracteristic property of this 
equation is that TE is inversely proportional to the 
square of EFD. This is not consistent with the observed 
results in which the relaxation time is independent of 
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applied EFD. Furthermore, our preliminary experiments 
of electric birefringence show that the rise time of the 
electric birefringence is two times faster than the pre- 
sent relaxation time and decreases with EFD. These 
facts indicate that zhe present relaxation phenomena 
cannot be ascribed to the orientation field effect. 

In a solution of polyelectrolyte. the counterion is 
bound around the polyion in two ways [19] _ One is 
the specific association between counterions and the 
ionic groups of the polyion (site binding). The other 
is the association of the counterion in the vicinity of 
the polyion due to its large electrostatic field (ionic 
atmosphere binding)_ The application of the external 
field may bring about the removal of these counterions 
from the polyion, which leads to an incrrase in the 
conductance of the solution. The former type of bind- 
ing, however, can be eliminated from the possible me- 
chanisms by the experimental fact that no relaxation 
behavior changed when the counterion was converted 
from sodium to tetrabutylammonium ion, which is 
not site bound because of its large radius [I 9,201. The 
latter mechanism is also not likely to be responsible 
for the observed relaxation due to the following consider 
ations. The relaxation time for this process must be 
closely connected with the mobility of the counterion 
or the environment on the polyion. Accordingly, the 
relaxation behavior would be expected to change when 
the counterion is converted from sodium to tetrabutyl- 
ammonium because of the difference in mobihties of 
both counterions. This speculation contradicts the 
observed behavior. Wissbrun et al. [21] also have 
studied conductance changes under high electric fields 
for polyacrylic acid and polystyrenesulfonic acid, etc., 
and assigned it to the reaction associated with removal 
of the counterion in the ionic atmosphere by applica- 
tion of the external field.. In their experiments, the 
relaxation time showed :10 discernible variation with 
degree of dissociation but decreased with increasing 
electric field. They have also suggested that the relaxa- 
tion time increases with molecular weight. These fea- 
tures of the relaxation time are opposite to the present 
relaxation phenomena. Thus the ion-binding reaction 
of the counterion also can be eliminated from the pos- 
sible mechanisms. 

Table 1 
The maximum relasation times l/~m~,, and the rate constants, 
kf, of the helix growth process for (GIu),~ at variou; tempera- 
tures. In the estimations of X-f, (T value of 3 X lo9 was used 

-.L-_-- -__ 

T IIrma:< kf 
CC) (10s s-l) (107 s-l) 

-- ----~~ _.~ ---_..-----_-~~~ 

15 2.9 + O-7 2.4 f 0.2 
25 3.1 IO.2 2.6 = 0.2 
35 3.5 k 0.3 2.9 & c-3 
45 4.1 * 0.3 3.4 5 0.2 

_ __~ .~___ _~_ ___~~_ _ ~- _- 

3.1.3. Protolz tramfer reactiolz of the carbo_y_vlgrorlp 

For the following proton-transfer equilibrium of the 
carboxyl group in the side chain 

RCOOH g RCOO- -i- H+ , (1) 
1 

the relaxation time is expressed by the following equa- 
tions 

I/r = k_, [(WOO-) i- (H+)] + k, , (7) 

= x--1 WC -I- (H+) f K,,,l , (8) 

where CY is the degree of dissociation in the carboxyl 
group, Co is the total polymer concentration, and 

Kapp (=X-t/k_l) is th e apparent dissociation constant. 
The value of QC obtained from the titration experiment 
is shown as a function of pH in fig. 4. In general, for 
the protolytic reaction the reciprocal relaxation time 
(1 /r) has also the minimum value at a certain pH (pH, ), 
and pH, is expected to be below 5 5 for the (Glu),, . 
On the other hand, as the value of Kapp is in the range 
10-6-10-7 in the present case, oCo + (H+) > Kapp is 
satisfied. Therefore the reciprocal relaxation time must 
increase monotonically with total polymer concentra- 
tion at constant pH and with pH at constant polymer 
concentration_ This expectation contradicts the present 
results in which the relaxation time does not show any 
discernible variation with polymer concentration and 
reaches its maximum value at pH 6.6. This fact indicates 
that the observed relaxation phenomena cannot be at- 
tributed directly to the proton-transfer reaction. . 

4.1.4. H-C tramitiolz 

The observed relaxation phenomena cannot be ex- 
plained by the above three mechanisms but can be satis- 
factorily explained with the H-C transition mechanism 
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Fig. 6. Concentration dependence of the reciprocal relaxation 
time versus pH for (L~sHOH),~ at 19”C, (c) 2 X 104, (0) 1 X 
Z04, and (of 5 X lo-’ residue mole $341. 

as will be shown below. The relaxation time goes 
through its maximum value in the midpoint of the tran- 
sition and is independent of polymer concentration, 
kind of counterions, and applied EFD. These features 
of the relaxation time are easily understood in light 
of the H-C transition mechanism. Schwarz 1221 has 
adapted the Zimm-Bragg model [33] to the kinetic 
theory of II-C transitions. According to his theary, 
the mean relaxation time of the H-C transition in the 
vicinity of the midpoint of the transition is expressed 
by the following equation 

l/r = k&s’- 1)’ -t 4aj ) 6) 

where kf and s’ are the forward rate constant and the 
equilibrium constant for the helix growth, respectively, 
and o is the nucleation parameter. This equation pre- 
dicts that the mean relaxation time has its maximum 
value at the midpoint of the transition and is indepen- 
dent of polymer concentration. At the transition mid- 
point, s’ becomes unity and the equation is simplified 
i0 

l/r=4okr. 00) 

The value of u is given as (3 -I 3) X IO-3 for (C&r),, 
from the titration experiments by Snipp et al. [IS] 
and is independent of ionic strength [ I5 1 and tempera- 
ture [24] _ Introducing the experimentally determined 
maximum relaxation times into the above equation, 
the rate constants of helix growth, k,, are obtained at 

6 7 8 9 10 

PH 

Fig. 7. Tite pH dependencies of the helirr content (c) and the 
degree of dissociation (r) for (LysHBr),r, 2 X lo4 residue mole 
I341. 

various temperatures and are given in table 1 where a 
u value of 3 X ICI-3 was used. These values are compar- 
able to those obtained by other investigators, e-g., 4-4 
X lo7 s-l for poly(o-Dglutamic acid) at 30°C by 
Inoue [63 and (8 rf: 5) X lo7 s-1 for (Glu),, in 0.03 M 
NaCl at 37°C by Barksdale et al. [7] _ 

According to Eyring’s absolute rate process. the 
rate constant kf is related to the activation enthalpy 
AH* and entropy AS’ as follows. 

kf = (kTfk)exp {--(AH * - TAS * )/RT) _ (111 

The values of AN* and AS’ were calculated to be 
1.5 f 0.4 kcal/mol and --2O 2 2 cal/mol, respectively, 
from a In (kf/T) versus l/T plot. The small value of 
Af-ir* is ro be expected for the L-l-C transition of poly- 
peptides because it is connected mainly with the hydro- 
gen bond formation which does not require any appre- 
ciable activation energy. However, an unexpectedly 
large value of AS* cannot be explained by the diffu- 
sionconrroIled formation of the hydrogen bond. 
Scl~xvarz et al_ [S] have estimated the maximum valze 
of the relaxation time of poly(y-benzyl L-glutamate) 
in a dichloroacetic acid-ethylene dichloride mixture as 
5 X 10e7 s, which leads to a value for k, of I .3 X lOlo 
sWi. This value of kf shows that in the poly (-y-benzyl 
glutamate), the helix growth reaction must be prac- 
ticahy diffusion controlled. Such differences in rate 
constants for the polypeptides with different side chains 
may be attributed to the nature of the interaction be- 
tween the side chain and solvent. In the case of (Glu)?, , 
a large decrease of entropy in the activation state plays 
the important role in the H-C transition_ 
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Fig. 8. Plot of concentration term in eq_ (12) versus reciprocnl 
relaxation time for (L~sHOH),~ at 22°C 1341. 

Single relaxations were observed in the pH range 
6.5-- 10, Fig. 6 shows the pH dependence of the reci- 
procal relaxation time for middle-DP(LysHOH),, at 
various polymer concentrations_ The reciprocal relaxa- 
tion time has two minima at the pH values where the 
degree of dissociation and the helical content are both 
nearly OS (fig. 7). This result suggests that the relaxa- 
tion phenomena in the high-pH region may be attri- 
buted to a helix-coil transition and in the low-pH 
region to a proton transfer reaction. 

In order to clarify the relaxation mechanism in the 
low-pH region, a simple proton transfer reaction is 
considered 

where cy Is the degree of dissociation of the amino 
group and CPo is the total polymer concentration in 
residue mole unit. In fig. 8, ?-I is plotted against 
(“CPo’ COH-) as c r. .1 culated from potentiometric 
titration data. According to eq. (1 I?), the rate constant 
obtained for (LysHOH), was kt = (3 2 f ) X IO9 mol-1 
s-l _ However, this reaction scheme for the proton 
transfer reaction may be somewhat oversimplified, 
since at neutral pH the observed relaxation time devia- 
tes from the calculated value. 

To test more directly whether this relaxation is as- 

Fig. 9. The pH dependence of ‘_.k.e reciprocnl reIa\ation tire 
for (LysHBr),,-Neutral Red (0) and (LysHAc),,-Neutral Red 
(0) system 134]- 

sociated with a proton transfer, kinetic experiments 
with optical detection were performed on the pH in- 
dicator-flys)?, system. Fig. 9 shows the pH dependence 
of the reciprocal relaxation time for the (Lys:JBr),,- 
and (LysHAc),,-Neutral Red systems, in which the in- 
termolecular proton exchange reaction between polymer 
and indicator (Neutral Red) is considered in addition 
to the proton tranrrer reactions of the indicator and 
the polymer. 

InHi + 3iH- + PHf 

q x_ I 4 
03) 

In+PH’+HzO~ InHf + P + H,O 
6 

where In, InH+ and P, PH+ mean tht: unprotonated and 
protonated forms of the indicator and polymer side 
group, respectively. The reciprocal relaxation times for 
this scheme can be calculated from the following equa- 
tion: 

(k, -k~)PIJ+-k6P k, (PH++OH-)I& In+k61nH++k2 -r-’ 

=O (14) 
The constants kl and k5 were determined so as to ob- 
tain the best fit of the theoretical values of 7-l to the 
experimental ones. In this procedure the dissociation 
constant of the indicator, Neutral Red, pKl = 6.7 and 
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k3 = 2 X 1 Og* s--l M-l were used, both taken from 
the literature [25] _ The value of kl obtained for the 
indicator-(Lys),, systems was (1.5 f OS) X IO’ s-l 
M-l. Recently, Zana and Tondre IlO] have obtained 
the value of 7 X IO9 s- 1 M-l for a proton transfer rate 

constant of (LysHBr),, by ultrasonic absorption meas- 
urement_ These three values of “I agree with each 
other within an order of magnitude. This fact indicates 
that the relaxation phenomena in the low-pH region 
in fig. 6 can be attributed ;o a proton transfer reaction 
involving the amino groups of the polymer. 

Next, we will focus on the relaxation phenomena 
in the high-@-L region shown in fig. 6. Possible relaxa- 
tion mechanisms are discussed below. 

3.2 1. Dissociation ,?eid effects 
If the relaxation is caused by the proton exchange 

reaction between (Lys),, and the hydroxide anion, the 
reciprocal relaxation time has to increase with pH near 
the transition region, according to eq_ (12). This expec- 
tation is not consistent with the experimental results 
of the abrupt change in the relaxation time, despite 
taking into account the apparent dissociation con- 
stant. 

in general, a counterion can associate with a side 
group of the poiyion (site binding) or can bind to the 
polymer around its electrostatic field (ionic atmos- 
phere binding). These binding equilibria can also be 
perturbed by the electric field and contribute to the 
change of conductivity in the solution. The kinetic as- 
pect of the binding reaction of these equilibria, however, 
cannot be discussed precisely because of the Iack of 
detailed information about these equilibria with respect 
to the kinds of counterions, such as acetate and bro- 
mide ions. Because of the present quantitative limita- 
tions, the estimation of the relaxation time depends 
on the electric field density for the atmosphere binding 
process. This dependences was not consistent with the 
experimental results. Furthermore, the relaxation time 
was shown to depend on the polymer concentration 
and the kind of counterion. These experimental facts 
seem to be consistent with the expectations for the 
site binding process. However, the pH dependence of 
refaxation time does not support a site binding process. 

Consequently, these dissociation fieId effects can 
be eliminated from the possible mechanisms for the 
observed relaxation_ 

Table 2 
Dotcrmination of the Q value from the sharpness of the rransi- 
tion and transition interval 

--- ___~ 

Sample APH L3a o-1f2 
ox 103 

(LysHAc),, 3 i.7 - 0.09 il 7.7 
fLysHOH), a> 1.3 0.05 27 IA 
(LysHBrjn b) 1.3 0.06 22 7+0 
(LysHBr),, =) 0.71 0.14 20 2.5 
-- - 

a) 20°C; 2 X lo4 residue mole. 
b) 20°C; 3 x lo4 residue mole- 
C) 22’C: 1M KCI. From Barskaya and Ptitsyn, ref. 128 j. 

Application of an electric Geld to a solution of poly- 
ion causes the shift of the ionic atmosphere on the 
polyion without dissociation, and then induces the 
orientation of the polarized polyion in the direction of 
the field. An anisotropy of the mobility of the polyions 
gives rise to an increase of conductivity in the parallel 
direction to the field and a decrease perpendicular to 
it. In this way, an intense electric field density brings 
about the conductivity change of solutions with the 
time constant defined by eq. (6). According to eq. (6), 
the relaxation time of the orientation process must be 
inversely proportional to the square of the electric field 
density and to the molecular weight. The observed re- 
sult, however, is independent of applied electric field 
density and molecular weight. This fact indicates that 
the present relaxation phenomena cannot be attributed 
to the orientation field effects- Besides, polyelcctro- 
lytes such as (C&r), and (Lys),, have such small perma- 
nent dipole moments compared to the induced dipole 
moment that the orientation field effect due to the 
permanent dipole moment can be eliminated from 
consideration. Other mechanisms, such as permanent 
and induced dipole polarization and Maxwell-Wagner 
effects, that have been investigated by the dielectric 
dispersion method [26,27] do not explain the observed 
relaxation, because these mechanisms give rise to a de- 
crease in the conductivity. This contradicts the experi- 
mental results. 

None of the mechanisms discussed above can explain 
the relaxation phenomena in the high-pH region (fig_ 6); 
thus only the helix-coil transition remains as a possible 
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Table 3 induced transition), and 
Rate constants of the heli.. growth process and activation 
parameters 

-_ 
2) transition induced by the repu!sion of the disso- 

ciated side groups (charge-induced transition)_ 

Sample aH’ 
(kcal mol-’ ) 

4s* x-f 
(e-u.) (107s-‘) 

(LysHOH),, 13.3 
(LysHBrX, 13.2 
W’sHAc),, 124 
Wu),, 1.5 

10.1 1.9”) 
11.2 i.4a) 

6.8 0.36 a) 
-10 2.6 b) 

For (Glu)?, , unfortunately the relaxation associated 
with the proton transfer reaction could not be observed 
separately. Therefore it is difficult to distinguish defi- 
nitely the two mechanism for the available data. 

a) .4t WC. b) At 25’C. 

mechanism_ In order to calculate the k,, according to 
eq. (10) the o was obtained using the following relation 
proposed by Barskaya and Ptitsyn [34,28] 

o-If2 = 4/3.3 4pH 4(~ , (15) 

where 4a is a difference of the degree of dissociation 
between the helical and coiled states at the transition 
pH, and 4pH = (d pH/d 8),=o_s is the minimum transi- 
tion interval (sharpness of transition)_ The u values, 
along with those for 4ar and 4pH obtained graphically, 
are listed in table 7, for various (LYs),~ salts. 

In the case of (Lys)?, , the relaxation time for H-C 
transition (at pH 9.0 - 9.5) depends on the polymer 
concentration, as can be see: in figure 6, which is not 
expected for the helix-coil transition_ By considering 
the experimental results at a lower pH region, this i‘act 

can be interpreted by the coupling of the helix-coil 
transition with the faster and concentrationdependent 
process, namely, the dissociation reaction of side-chain 
groups. Therefore, the helix--coil transition of (Lys),, 
is induced through the second mechanism rather than 
the first one. 
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