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Electric birefringence anu circular dichroism measurements have been made on sulutions of two po:y (t-lysine) homologs. 
The specific Ker; constant and the molar ellipticity at 222 nm of poly (I_. -LX. 7-diaminobutyric acid-hydrochloride) in methanol/ 

xater mixtures underwent an abrupt change between 75 and 80 ~015 methanol at 25”C, ccrrcsponding to a solvent-induced 

helix-coil transition. On the helix side of the transition regon, i.e., between X3 and 80 vci% methanol, anomalous biretrin- 
gence transients indwative of field-induced heli.-tocoil transition Tvere observed at high tieids. In the case of poly (L-ornithine 

hydrobromide) in methanol/water mixtures, a helis-coil transition was induced between 93 and 98 volS_ methanol and ano- 
malous birefringence transients were observed between 96 and 98 volB methanol. The double logarithmic plots of the steadir- 
sizte specific birefringence versus the square of field strength for various solvent cwupositions and polymer concenrrations 

could be supeiimposed on one anoiher by horizontal and vertical shifts, except for the range where anoma!ous bircfringencc 

transients were observed. This enabled us to estimate the threshold field strength. 

1. Introduction 

Electra-optical methods have found wide use in 
study of the ordered conformations and conforma- 
tional changes of biopolymers [ 1 ] _ When an electric 
field is applied to a macromolecular solution, the mac- 
romolecules possessing electrical anisotropy are pre- 
ferentially oriented by the field, resulting in anisotropy 
of the optical properties of the solution. The aniso- 
tropy of the refractive index caused by the electric 
field is called electric birefringence or Kerr effect. If 
the applied electric field induces a conformational 
change of the macromolecules in addition to preferen- 
tial orientation, such a field effect till be detected as a 
change in eiectro-optical properties. This effect was 
reported especially for polynucleotides such as DNA 
[24], RNA [5] $ poly(A) [6,7] and poly(A) - 2poly(U) 
[8], and its biological implications were discussed [2, 
8]_ We have been concerned with the field effect on 
the helix-coil transition of synthetic polypeptides. 

In the case of non-ionic polypeptides such as 
poly(r_benzyl L-glutamate), [Glu(OBzl)],, applica- 
tion of an electric field should shift the helix-coil 
equilibrium towards the helical conformation, since 
this conformation possesses a much larger overall per- 

manent dipole moment than the coil form. As is well 
known, [Glu(OBzl)],, undergoes a solvent-induced 
helix-coil transition in mixtures of dichloroethane and 
dichloroacetic acid. Schwarz and Schrader [9] meas- 
ured electric birefringence of the same system in the 
helix-coil transition region at 15 kV/cm and observed 
an appreciable enhancement of the steady-state bire- 
fringence, in comparison with the theoretical calcula- 
tion neglecting the field effect_ This was ascribed to the 
displacement of the helix-coil equilibrium induced by 
high electric fields. Subsequently, Watanabe and 
Yoshioka [ lti] obtained more direct evidence for the 
field-induced coil-to-helix transition of [Gl~(OBzl)l,, _ 

The situation is quite different and complicated in 
the case of ionized polypeptides which serve as the 
simp!est model of ordered biopolyelectrolytes. Previ- 
ously we carried out electric birefringence measurements 
on poly (L-lysine hydrobromide), (Lys. HBr),, , in metha- 
nol/water mixtures at various solvent compositions 
[ 11,: 2]_ This polypeptide undergoes a solvent-induced 
helix-coil transition between 87 and 90 ~01% methanol 
at neutral pH [13] - Joubert, Lotan and Scheraga [14] 
showed in a nuclear magnetic resonance study that the 
e-amino grijups of poly (L-lysine) are charged in 90 ~01% 
methanol at pH 6, even though the conformation is 
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helical. We observed anomalous birefringence transients 
between 90 and 95 ~01% methanol above a certain 
threshold field strength: the birefringence passed 
through a maximum and began to decrease slowly be- 
fore the applied rectangular pulse terminated, reaching 
a steady state. A distinct difference between the re- 
sponses to Iow and JI&JI fields was noticed in the 
proximity of the helix-coil transition region. These 
resuits were interpreted as indicating that a helix-to- 
coil transition is induced by high electric fields. 

In order to demonstrate the universality of this 
field effect. we have extended our investigation to two 
homologs of pofy (L-Jysine), namefy poly ftiu, y- 
diaminobutyric acid) and poJy(L-ornithine). The for- 
mer has two less mcthylene groups and the latter has 
one less methylene group per residue in the side chain 
as compared to poIy(L-lysine), We measured transient 
electric birefringence of poJy(i,iu, r-diaminobutyric 
acid hydrocllloride~, (Azbu - HCJ),, ~ acd poJy(L- 
ornithine hydrobromide, (Om - J-fBr),, , in methanoI/ 
water mixtures and obtained experimental results 
similar to those for (Lvsm HBr),, [15,16]_ This con- 
vinced us of the occurrence of the field-induced helix- 
to-coil transition in ionized polypeptides. 

2. Materiafs and methods 

(Azbu - JiCJ),, was generously supplied by Dr. S. 
Kubota of the University of California. The limiting 
viscosity number of this sample, measured in 0.2 RI 
NaCI at 25°C. was 105 cm3/g. (Orn - HBr),, was pur- 
chased from Sigma Chemical Company (Lot No. 2X- 
5023, molecular weigJit given as 123 000). Methanol 
was of reagent grade, and distilled twice prior to use. 
Stock solutions were prepared by dissolving the 
dried polypeptide in double-distilled water and then 
adding ar, appropriate amount of methanol. The sof- 
vent composition was expressed in terms of volume 
percentage of methanol_ The polymer concentration 
was expressed as g/dm3 (= kg/ms). 

The apparatus, Jzittzerto used for electric birefrin- 
$Fnce measurements [I?], has been improved by re- 
placing the cathode foIJower circuit with the opera- 
tionaf amplifier system. The optical system consisted 
of a 90-W ultra-hi* pressure mercury lamp, an inter- 
ference filter transmitting light of 546 nm, a pair of 
Clan-Thompson prisms, 3 Kerr cell and a photomul- 
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I?_. 1. Specific Kerr constant and molar ellipticity at 222 nm 
of (Azbu - HCI),, in methanol/water mistures at 25”C, as func- 
tions of methanol content. Polymer concentration, 0.19 g/dm3_ 

tiplier. The Kerr cell was a quartz spectrophotometer 
cell and contained i\Vo platinum electrodes of 0.958 
cm length supported by Teflon block at a separation 
of 0.284 cm. The electric field was applied to a solu- 
tion in the cell in the form of single rectangular pulses. 
The pulse duration was from 150 to 500~s and tfle 
maximum pulse amplitude was 7 kV. The resulting 
birefringence signal was displayed and photographed 
on tJle screen of an Jwasaki type-D%601 6 dual-beam 
oscilloscope, together with the pulse attenuated by a 
calibrated voltage divider. 

Circular dichroism (CD) spectra were obtained with 
a JASCO J-30 recording spectropotarimeter under con- 
stant nitrogen fJush. TJle CD data were expressed in 
terms of molar ellipticity, [e], in deg cm2 dmol-l. 
based tin the molecular weight of the amino acid residue. 

3. Results and discussion 

The molar ellipticity at 222 nm of (A?bu -NCl),, in 
methanol/water mixtures is plotted against the volume 
percentage of methanol in fig. I_ This corresponds to 
one of the two CD minima characteristic of cY-helis and 
serves as a measure of the helix content. In this figure 
is also p&ted the specific Kerr constant, B/c, against 
the solvent composition. This constant is defined by 

(1) 



Fig. 2. Osciilogram of anomalous birefringence sigal for (Orn 
HBr)n (c = 0.14g/dm3) in 97 ~01% methanol. Field strength, 
15.5 kV/cm. Time scale, 50~1s per lage division on the hori- 
zontal axis. 

v.+srs 112 is the steady-state electric birefringence, h 
is the wavelength of light izz vaczzo. c is the mass con- 
centration of the solute, and Lr‘ is the field strength. 

Both of these quantirics undcrg~-” an abrupl change bc- 
tween 75 and SO ~015 methanol. accompanied by a 
solvent-induced helis-coil transition. The spccif‘ic Kerr 

constant for the “coil” (charged coil) is considerably 
large. in contrast with non-ionic polypeptides such as 
[Glu(OBzl)],, ~ and decreases gradually with an increase 
in methanol content. The increase in specific Kerr con- 
stant upon transition from “coil” to helix is rather small 
On the helix side, the specific Kerr constant undergoes 
a sharp drop in the vicinity of 95 ~01% nierhanol. 

In the case of (Orn - HBr),, in methanol/watzr rnix- 
tures, the molar ellipticity at 232 T.I~ and the specific 
Kerr constant underwent an abrupt change between 
93 and 98 ~01% methanol at 35 “C. This corresponds 
to a solvent-induced helix-coil transition, as reported 
by Tseng and Yang [ 18]_ 

On the helix sids of the transition region, i.e.. be- 
tween 78 and 80 ~01% methallol for (A,bu - HCl),, and 
between 96 and 9s ~01% methanol for (Orn - HBr),, . 
anomalous birefringence transients were observed at 
high fields as in the case of (Lys - HBr),, _ A typical os- 
cillogram is shown in fig. 2. It takes rather long time 
(of the order of 0.1 ms) to reach the plateau region 
which is regarded as the steady state. The appearance 
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Fig. 3. Plots of &IJXC versus E2 for (Azbu -HCl),, in methanol/\vater mixtures at 25 “C. Polymer concentration_ 0.19 g/dm3. 
Solvent compositions are given in the figure. 



Table 1 
Values of B/c, A and (B/c)/A for (A2 bu - HCI), in methanol/water mtitures at 25 OC (c = O-19 s/dm3) 

_____---~-- 

methanol conformation B/C A 
VOl% 10-11 m4 h-1 v-2 10 mz e-l 

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

40 “COil” 1.46 1.8 
85 helix 3.78 5.3 
95 helix 0.68 -5 

-_l-._____- _________.___~ ~- 

(B/WA 

10-13 m2 V-2 

8.1 
7.1 

-1.3 

of anomalous birefringence tran_:ents is attributable 
to the field-induced helix-to-coil transition. However, 
the initial, fast step of the transition cannot be de- 
tected by our technique, because it is concealed be- 
hind the build-up process of electric birefringence. 

In fig. 3, the steady-state specific birefringence, 

An/U, of (A3bu - HCl), at various solvent cornposi- 
tions is plotted against the square of field strength_ 
Kerr’s law holds at low fields and the specific Kerr con- 
stant can be calculated from the initial slope of these 
plots. Deviations from KerrS law arise at higher fields. 
When a pronounced saturation is noticed, it is possible 
to obtain the saturated specific birefringence, A, by 
extrapolating a AnfM versus l/E2 plot to l/E2 = 0. 

A = lim Anlhc _ (2) 
E-+-J 

For a dilute solution of rigid, axially symmetric 
macromolecules, the electnc birefringence is expressed 
by the equation 

where II is the refractive index of the solu?ion, p is the 
density of the solute, g, - g, is the optical anisotropy 
factor, and @ is the orientation factor which is a func- 
tion of the field strength and depends on the electrical 
properties of the macromolecule [ 19 ,X] . In this case 
the saturated specific birefringence is proportional to 
the opticai anisotropy factor. From eqs. (1) and (3) 
we obiain 

(4) 

The values of Bfc,A and (B/c)/A for helical and 
“coil” conformations of (AZbu -HCl), are listed in 
table 1. Thus, the optical anisotropy factor for the 
helix is about three times as large as that for the “coil”. 

On the other hand, the orientation factor for the “coil” 

in 40 ~01% methanol is somewhat larger than that for 
the helix in 85 ~01% methanol at the same field strength. 
The large decrease in the specific Kerr constant for the 
helix in 95 ~01% methanol would be ascribed to a strong 
binding of counterions to the polyion in a medium of 
low dielectric constant _ 

The double logarithmic plots of AII/XC versus E2 
for various solvent compositions can be superimposed 
on one another by shifting them horizontally along 
the abscissa and vertically along the ordinate e_xcept 
for the range where anomalous birefringence transients 
were observed, as demonstrated in fig. 4. This figure 
represents the double logarithmic plots of (A~r/xc)/A 
versus (15/,1) (B/c)E2 for (A2bu - HCl),, in methanol/ 
water mixtures_ The two parameters,_4 and B/c, re- 
lated to the shift factors were adjusted so as to pro- 
duce the best superimposition [2 1 J _ The initial slope 
of these plots was chosen to be equal to l/75 for the 
sake of convenience. Hence the electric birefringence 
of these solutions can be expressed by the equation 
involving two parameters,_4 and B/c, 

where the functional form of the orientation factor @ 
is independent of the solvent composition and. more- 
over, the polymer concentration [2 1 ] _ Downward devia- 
tions from the common, solid curve take place above 
some critical values of (lSB]Ac)@ in 78,79 and 80 
~01% methanol. The corresponding field strength can 
be regarded as the threshold field strength. 

The solid curve in fig. 4 represents the theoretical 
curve for molecular orientation due primarily to a per- 
manent dipole moment. In this case the orientation 
factor is given by 

,(,)=,_3(cothbE-l/bE) 
bE 

=&b2E2 -&b4E4+&b6E6-__., (6) 



Fig. 4. Double logarithmic plots of P~/AXC versus (15B/Ac)E* for (Azbu -HCl), in methanol/water mixtures at 25 “C. Polymer 
concentrafion, 0.19 g/dm3. Solvem compositions are given in fig. 3. 

with 

b = I.I’IX-T ) (7) 

where P’ is the apparent permanent dipole moment 
along the symmetry axis, k is Boltzmann’s constant, 
and T is the ihermodynamic temperature [20] _ 

Thus, the field strength dependence of the bire- 

fringence for both helical and “coil” conformations 
resembles the behatiour for permanent dipole moment 
orientation over a rather broad range of field strengths. 
However, it seems unreasonable to ascribe the field- 
induced orientation of polyelectrolytes solely to the 
permanent dipole moment in a narrow sense. The 
apparent permanent dipole moment for (Lys - HBr), , 

(Om - EIBrX, and (A?bu - HCl),, in methanol/water 
mixtures, calculated by use of eqs. (6) and (7), was 
found to be much larger than expected for uncharged 
polypeptides. Furthermore, the build-up curve of elec- 
tric birefringence did not fit the iheoretical equation 
for permanent dipole moment orientation. 

Several other explanations for the field strength 
dependence of the orientation factor in the case of 
polyelectrolytes have been proposed. They are enumer- 
ated below: (i) Saturation of the induced dipole mo- 
ment due to counterion polarization [3,8,22], (ii) 
quasi-permanent dipole moment due to the counter- 
ion fluctuation mechanism [23], (iii) orientation due 
to anisotropic ion flow [24], and (iv) dispersity in the 
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Table 2 
Threshold tieId strengths in kV/cm for (AZ bu - HCl),, in 
methanol/writer mixtures at 25 “C 

---- 

methanol 
vol’;: 

polymer concentration, g/dm3 
-_-- - 

0.047 0.094 0.14 
-.--- 

0.19 

78 3.3 4.2 5.0 6.0 

79 4.6 5.5 6.1 7.4 

80 3.0 6.0 7.0 8.1 
- 

electric polarizabilities @5]. At the present stage of 
the theory, however, it is premature to arrive at a final 
conclusion. 

The threshold field strengths for (AZbu -HCl& at 
different solvent compositions and polymer concentra- 
tions, estimated according to the above-mentioned pro 
cedure, are presented in table 2. As can be seen from 
this table, the threshold field strength increases with 
increasing polymer concentration and with increasing 
methanol content on the verge of the transition region. 
It is to be noted that the threshold field strength is 
rather low under favorable conditions. 

Similar results were obtained with (Orn - HBr),, in 
methanol/water mixtures. The thresold field strength 
could be determined from the field strength dependence 
of the birefringence in the same way_ 

We have also measured the circular dichroism and 
the electric birefringence of (Orn - HBr)?, in ethanol/ 
water, 2-propanol/water and tertiary butyl alcohol/ 
water mixtures. A solvent-induced helix-coil transition 
was found in every case_ However, anomalous bire- 
fringence transients were observed only in ethanol/ 
water mixtures. 

Thus far we obtained evidence for the field-induced 
helix-to-coil transition in four systems: (l_ys - HBr),,/ 
water/methanol, (Om - HBr),, /water/methanol, 
(Om -HBr)~~/water/ethanol and (A2bu - HCl),,/water/ 
methanol_ These systems have three characteristics in 
corm-non. Firstly, the helical conformation as well as 
the coil form is charged. Secondly, counterions are not 
very strongly bound to the polyior,. Thirdly, the solvent- 
induced helix-coil transition takes place in a strongly 
cooperative fashion, Undoubtedly this field effect 
%a be closely connected with a large perturbation of 
the counterion atmosphere around the helical polyion 
provoked by high fields_ The charged coil will be ther- 
modynamically more stable than the charged helix at 
high fields. 

We have already proposed a possible mechanism for 
the field-induced helix-to-coil transition in ionized poly- 
peptides [ II] - A certain fraction of counterions will be 
bound to the charged helix, bur mobile in the axial 
direction. Application of an electric field displaces such 
counterions along the helix axis, giving rise to an in- 
duced dipole moment f26] _ Then, the heIices are pre- 
ferentially oriented by the field. As the applied field 
is enhanced, the average degree of orientation becomes 
larger, causing the component of the field along the 
helix axis to increase still more. When the counterions 
are shifted towards one end of the helix and the in- 
creased repulsion between the ionized groups at the 
other end overcomes the attraction due to the amide 
hydrogen bonds and other non-bonding interactions, 
unwinding of the helix wiIl start at that end and pro- 

pagate along the helix axis_ This will occur above a 
critical field on the verge of the transition region, The 
mechanism ie analogous to that proposed for field- 
induced conformational changes in polynucleotides 
18,271. 
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