and sets up a +*C(2)-N(3)°~ bond polarity. Carbon mag-
netic resonance results show the C(2) to have a positive
charge nearly that of carbon in a C=O bond with a polarity
for the C(2)-N(3) bond reminiscent of C=0 bonds.!3

Finally, the inflexible nature of the 2-o-HETHC ion
suggests that knowledge of the absolute configuration at the
C(2«) atom in the side chain produced in the enzymic reac-
tion would give desirable detail concerning the stereochemi-
cal pathway of the intermediate steps in the reaction.
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Abstract: Relaxation phenomena were studied in aqueous solutions of poly(a-L-glutamic acid) under various conditions
using the electric field pulse method with detection by conductivity change. The relaxation time has a maximum value at the
midpoint of the helix-coil transition but does not depend on the polymer concentration, degree of polymerization, kind of
counterion, or electric field density. Some possible mechanisms are discussed and the observed relaxation phenomenon is at-
tributed to the helix-coil transition. Using Schwarz’s theory the rate constants of the helix growth step are estimated. The
activation parameters are also calculated from the temperature dependence of the rate constants. It is found that the helix
growth process is not diffusion controlled but is limited by an accompanying large decrease of activation entropy.

The conformational transitions of biopolymers are known
to play an important role in their functions in biological sys-
tems. The helix-coil (H-C) transition of synthetic polypep-
tides has been studied extensively as a useful model for con-
formational transitions of biopolymers. The equilibrium
properties of the H-C transition have been studied in detail
both experimentally and theoretically. Many kinetic studies
have been made by the various relaxation methods such as
the temperature-jump,?? ultrasonic absorption,*~’ and di-
electric relaxation techniques.?® However, the dynamic fea-
tures 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 poly(a-L-glutamic acid)
(PGA) as 5 X 1078 < 7 < 10~% by combining their result of
ultrasonic absorption with that of the temperature-jump
method by Lumry et al.2 Subsequently, relaxation phenom-
ena due to H-C transitions have been observed experimen-
tally by using the ultrasonic absorption method for poly(a-
D-glutamic acid) by Inoue® and for PGA by Barksdale et

al.” The maximum relaxation times near the midpoint of
the H-C transition have been estimated as 1.1 X 1076 sec
at 30°C and 1 X 107% sec in 0.03 M NaCl at 37°C, respec-
tively. Recently, the present authors'' have studied the
H-C transition of PGA by a modified temperature-jump
method employing optical rotation to follow the transient,
and the maximum relaxation time of 3.6 X 1076 sec has
been estimated. Previously we!? have observed a relaxation
in aqueous solutions of PGA by means of the electric field
pulse (EFP) apparatus with detection by electric conductiv-
ity change and have attributed it to the H-C transition
from the dependence of the relaxation time on pH and poly-
mer concentration. The assignment of the relaxation mech-
anism, however, has not been conclusive enough to be con-
firmed.

The purpose of the present investigation is to confirm the
assignment of the observed relaxation to an H-C transition
and to obtain detailed information of the dynamic picture of
the H-C transition.
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Experimental Section

The sodium salts of PGA with degrees of polymerization (dp) of
100, 250, and 700 were supplied from Ajinomoto Co., Inc. The
samplcs were dialyzed against deionized water for 2 days and ly-
aphilized and dried at 50°C for 4 hr in vacuo just prior to the prep-
aration of the stock solutions (5 X 104 residue mole) which were
stared in a refrigerator. The sample solutions were prepared by
dilution of the stock solution with detonized, distilled water to the
desired concentration. Since low conductivity of the solution is re-
quired for thc EFP measurements in order to obtain a square wave
pulse, the concentration range used is limited from 5 X 10~5to 2 X
104 residue mole. The tetrabutylammonium PGA (TBA-PGA)
was preparcd by passing a given volume of NaPGA solution
through the column of TBA-ncutralized cation-exchange resin
{Dowcx 50 W-X8). Completeness of ion exchange was checked by
flame test. For pH adjustment, HCI, NaOH, and tetrabutylamino-
nium hydroxidc were used. All these chemicals were of reagent
grade and were used without further purification. The pH mea-
surements wcre carried out with an accuracy of +£0.05 pH unit by
a Hitachi-Hortba F-5 type pH meter at room temperature just be-
forc the relaxation studies and thc optical rotatory dispersion
(ORD) measurements,

In order to obtain the degree of dissociation, «, the titration of
PGA solution was performed with HCI or NaOH at room temper-
aturc in a nitrogen atmosphere. To avoid a large error resulting
from a change in the pH value which is due to contamination by
KCI fram the calomel electrode during the course of the usual ti-
tratian, pH measurcments werc carried out on a very small amount
of solution taken from the large quantity of the titrated sample so-
lution. The dcgrece of dissociation was calculated as a function of
pH by subtracting the blank curve graphically from the curve of
the PG A solution,

ORD measurements were carried out in thc wavelength 225-
350 nm with a JASCO ORD/UV-5 spectropolarimeter using a
5-cm quartz lidded cell. The temperature was controlled to
+0.2°C by circulating thcrmostated water around the cell. The
helix cantents were evaluated from ORD data using the following
equation

I L POl 0 W

Y P L OV

wherc| '] 5, is thc mcasured value of the reduced residue rotation
at the minimum paint «f the traugh in the vicinity af 233 nm, and
||y, and | m1°]¢y, are the reduced residue rotations for complcte-
ly helical and coilcd statces, respectively. These values were calcu-

lated from the following cquations by Warashina and lkcgami'! as
a function of temperature T (°C).

(1)

[ (T)]"a1 = — 18400 + 66T )
[ |€20r = —2000 (3)

The clectric field pulse apparatus used here is similar to that
originally constructed by llgenfritz.'* A block diagram of the ap-
paratus is shown in Figure 1. A 1-km length of 10C-2V coaxial
ciable was used as a capacitar, The transients were followed by
menitoring the conductance change with a Wheatstone bridge.
The difference in voltage between points A and B (Figure 1) was
detected by u Tcktronix type W plug-in differential preamnplifier.
Twa 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 sig-
nals of the amplifier. The distance betwcen the two electrodes of
the sample cell is fixed at 0.3 ¢cm and that of the reference cell is
kept variable. The reference ccll contains a NaCl ar tetrabutylam-
monium chloride solution of approximately the same conductance
as the sample solution. The resistances of both cells were matched
precisely by adjusting the distance ol the two clectrodes of the ref-
erence cell, The duration of the high voltage pulse applied to the
bridge ts 10 or 20 usec, and the rise and decay times of the applied
clectric field are much faster than 0.1 usec. The electric field in-
tensity in the cell is usually about 30 kV /cm. As a test of the appa-
ratus, dissociation field effects for two pll indicators, bromcresol
purple and phenol red, were measured spectrophotometrically, and
the results agreed with thosc reported by llgenfritz.'4

The relaxation studies using an electric conductivity change as a
memitar of transient concentration changes were performed mainly
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Figure 1. The block diagram of the electric ficld pulse apparatus.

Figure 2. The typicul reluxatian spectruut for NauPGA (dp = 250). 1.0
X 107* residue tole, pH 6.63. at 25°C; sweep 2 usee/division.
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Figure 3. The concentration dependence of the reciprocal relaxation
titie vs. pH curve for NaPGA (dp = 250) at 25°C: (0) 5.7 X t0~ " res-
idue uwie, (@) 8.0 X 1077 residue mole, (O) 1.0 X 074 residue mole,
(®) 2.0 X 107 residue uwde.

for NaPGA with dp = 250 aver the concentration range of 5 X
10~°-2 X 107 ¢ residue mole in the ninge 15-45°C. The effects of
the counterion and the chain length on the relaxation behavior
werc also studied for TBA-PGA and NaPGA with dp = 700, re-
speetively. Furtherinore, the EFP experinients were done by spec-
trophotometric detectian on solutions of PGA containing the pld
indicator, bronicresal purple, in arder to examine the effect of dis-
sociation of the proten from the carboxyl group in the side chain.
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Figure 4. The pH dependencies of the helix content (solid curve) and
the degree of dissociation (dashed curve) for NaPGA (dp = 250).
Solid curve: (@) 5.0 X 1075 residue mole, (O) 1.0 X 10~4 residue mole,
at 25°C. Dashed curve: 1.0 X 1074 residue mole at room temperature.
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Figure 6. The temperature dependence of the helix content vs: pH
curve for NaPGA (dp = 250), 1.0 X 10~* residue mole: (@) 15°C, (0)
25°C, (@) 35°C, (@) 45°C.
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Figure 5. The temperature dependence of the reciprocal relaxation
time vs. pH curve for NaPGA (dp = 250), 1.0 X 107* residue mole:
(@) 15°C, (0) 25°C, (@) 35°C, (@) 45°C.

Results and Discussion

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 accurate relaxation
time could not be estimated because of its small magnitude,
and at the extremes of pH 5.0 and 9.0 the relaxation effect
disappeared completely. A typical relaxation curve is shown
in Figure 2. The direction of the relaxation signal indicates
an increase in the conductance of the solution by the appli-
cation 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. Figure 3 shows the pH depen-
dence of the relaxation time for NaPGA with dp = 250 at
various polymer concentrations (5 X 1075-2 X 1074 residue

pH
Figure 7. The pH dependencies of the reciprocal relaxation time (solid
curve) and the helix content (dashed curve) for TBA-PGA (dp = 250)
at 25°C. Solid curve: (@) 5.0 X 1073 residue mole, (O) 1.0 X 1074 res-
idue mole, (@) 2.0 X 10~4 residue mole. Dashed curve: 1.0 X 10~ resi-
due mole.

mole). The relaxation time has a maximum value at pH 6.6
and is independent of polymer concentration. Figure 4
shows the corresponding pH dependence of the helix con-
tent from the ORD measurements. In this figure the H-C
transition region shifts considerably to the higher pH side in
comparison with that reported in the literature!?:!5:24 and
depends slightly on the polymer concentration. These shifts
of the transition region can be explained as the effect of the
ionic strength of the counterion.!® It is seen from Figures 3
and 4 that the relaxation time reaches its maximum value in
the vicinity of the midpoint of the H-C transition. This
maximum at the midpoint of H-C transition was observed
at all studied temperatures and is shown in Figures S and 6.
The same results were obtained not only in the solution of
TBA-PGA with dp = 250 but also in the solution of
NaPGA with dp = 700 and shown in Figures 7 and 8, re-
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Figure 8. The pH dependencies of the reciprocal relaxation time (solid
curve) and the helix content (dashed curve) for NaPGA (dp = 700) at
25°C. Solid curve: (@) 5.0 X 1073 residue mole, (0) 1.0 X 10™4 resi-
due mole, (@) 2.0 X 1074 residue mole. Dashed curve: 1.0 X 1074 resi-
due mole.

spectively, along with H-C transition curves. However, in
PGA with lower dp (about 100) the magnitude of the relax-
ation was so small that accurate estimation of the relaxa-
tion time was not possible. Figure 9 shows the pH depen-
dence of the relaxation time under various electric field
densities (EFD). Although the relaxation amplitude in-
creased with increasing EFD, the relaxation time remained
constant as seen in Figure 9.

When a high electric field is applied to the polyelectro-
lyte solution, the conductivity may be affected in three dif-
ferent ways.!”-'® 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 (orienta-
tional field effect). The second case is the increase in con-
ductivity 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 (dissociation
field effect). Also there is the possibility that a high electric
field induces the conformational change of polypeptide
which accompanies the increased dissociation of proton and
counterion or the change in polyion mobility. Accordingly
there exist four possible mechanisms for the observed relax-
ation processes: an orientation process, an ion-binding reac-
tion of the counterion, the proton-transfer reaction, and the
H-C transition. These possible mechanisms will be exam-
ined in detail.

(1) Orientation Field Effect.!’'® The electric field in-
duces electric dipoles on the polyelectrolyte particles due to
the polarization of the inner ionic atmospheres of the po-
lyions and causes the orientation of their long axis in the di-
rection of the field. As a consequence of anisotropy of the
nonspherical particle, anisotropy of the conductivity is pro-
duced 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 is!’

TE = 1.68XkT/0111DrXE_2 4)

where 7 is relaxation time, «), is polarizability perpendic-
ular to the electric field, D, is the rotational diffusion coeffi-
cient, and E is the electric field density, respectively. The
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Figure 9. The dependence of the reciprocal relaxation time vs. pH
curve on the electric field density for NaPGA (dp = 250), 1.0 X 1074
residue mole, at 25°C: (@) 23 kV/cm, (0) 30 kV/cm, (@) 66 kV/cm.

most characteristic property of this equation is that rg is in-
versely proportional to the square of EFD. This is not con-
sistent with the observed results in which the relaxation
time is independent of applied EFD. Furthermore, our pre-
liminary experiments of electric birefringence show that the
rise time of the electric birefringence is two times faster
than the present relaxation time and decreases with EFD.
These facts indicate that the present relaxation phenomena
cannot be ascribed to the orientation field effect.

(2) Ion Binding Process of the Counterion. In a solution
of polyelectrolyte, the counterion is bound around the po-
lyion in two ways.!? One is the specific association between
counterions and the ionic groups of the polyion (site bind-
ing). The other is the association of the counterion in the vi-
cinity 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 increase in the conductance of
the solution. The former type of binding, however, can be
eliminated from the possible mechanisms by the experimen-
tal fact that no relaxation behavior changed when the coun-
terion was converted from sodium to tetrabutylammonium
ion, which is not site bound because of its large radius.!%20
The latter mechanism is also not likely to be responsible for
the observed relaxation given the following considerations.
The relaxation time for this process must be closely con-
nected with the mobility of the counterion or the environ-
ment on the polyion. Accordingly, the relaxation behavior
would be expected to change when the counterion is con-
verted from sodium to tetrabutylammonium because of the
difference in mobilities of both counterions. This specula-
tion contradicts the observed behavior. Wissbrun et al.?!
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 ion atmosphere by application of the
external field. In their experiments, the relaxation time
showed no discernible variation with degree of dissociation
but decreased with increasing electric field. They have also
suggested that the relaxation time increases with molecular
weight. These features of the relaxation time are opposite to
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the present relaxation phenomena. Thus the ion-binding re-
action of the counterion also can be eliminated from the
possible mechanisms.

(3) Proton Transfer Reaction of the Carboxyl Group. For
the proton-transfer equilibrium of the carboxyl group in the
side chain

k
RCOOH ==RCOO- + H* )

k-

the relaxation time is expressed by the following equations
1/7 = k_,[(RCOO™) + (H")] + k, (5)
= k—l[aCO + (H+) + Kapp] (6)

where « is the degree of dissociation in the carboxyl group,
Co is the total polymer concentration, and Kapp (=k1/k-1)
is the apparent dissociation constant. The value of « ob-
tained from the titration experiment is shown as a function
of pH in Figure 4. In general, for the protolytic reaction the
reciprocal relaxation time (1/7) has also the minimum
value at a certain pH (pHy,), and pHp, is expected to be
below 5.5 for the PGA. On the other hand, as the value of
Kapp is in the range 1076-10~7 in the present case, aCo +
(H*) > Kapp is satisfied. Therefore the reciprocal relaxa-
tion time must increase monotonically with total polymer
concentration at constant pH and with pH at constant poly-
mer concentration. This expectation contradicts the present
results in which the relaxation time does not show any dis-
cernible variation with polymer concentration and reaches
its maximum value at pH 6.6. This fact indicates that the
observed relaxation phenomena cannot be attributed direct-
ly to the proton-transfer reaction.

(4) H-C Transition. The observed relaxation phenomena
cannot be explained by the above three mechanisms but can
be satisfactorily explained with the H-C transition mecha-
nism as will be shown below. The relaxation time goes
through its maximum value in the midpoint of the transi-
tion and is independent of polymer concentration, kind of
counterions, and applied EFD. These features of the relaxa-
tion time are easily understood in light of the H-C transi-
tion mechanism. Schwarz?? has adapted the Zimm-Bragg
model?? to the kinetic theory of H-C transitions. According
to his theory, the mean relaxation time of the H-C transi-
tion in the vicinity of the midpoint of the transition is ex-
pressed by the following equation

V7= ki[(s’ = 1)? + 40] 7

where k¢ and s’ are the forward rate constant and the equi-
librium constant for the helix growth, respectively, and o is
the nucleation parameter. This equation predicts that the
mean relaxation time has its maximum value at the mid-
point of the transition and is independent of polymer con-
centration. At the transition midpoint, s’ becomes unity and
the equation is simplified to

1/7 = 4ok (8)

The value of ¢ is given as (3 £ 2) X 1073 for PGA from the
titration experiments by Snipp et al.2* and is independent of
ionic strength?* and temperature.?’ Introducing the experi-
mentally determined maximum relaxation times into the
above equation, the rate constants of helix growth, kg, are
obtained at various temperatures and are given in Table I
where a ¢ value of 3 X 1073 was used. These values are
comparable to those obtained by other investigators, e.g.,
4.4 X 107 sec™! for poly(a-D-glutamic acid) at 30°C by
Inoueb and (8 £ 5) X 107 sec™! for PGA in 0.03 M NaCl at
37°C by Barksdale et al.’

According to Eyring’s absolute rate process, the rate con-
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Table I. Maximum Relaxation Times, 1/7qay, and the Rate
Constants, k¢, of the Helix Growth Processat Various
Temperatures?

7,°C 1/rmax, 10% sec™ k¢, 107 sec™
15 29+0.2 2402
25 3.1+£0.2 2.6 £0.2
35 3.5+0.2 29+0.2
45 41+0.3 34+0.2

2In the estimations of k¢, a o value of 3 X 107° was used.
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Figure 10. Ln (k/7T) vs. 1/T for NaPGA (dp = 250). The straight line
is a least-squares fit of the experimental points.

stant kr is related to the activation enthalpy AH? and entro-
py AS1 as follows.

ke = (kT/h)e—(AHi-TAsf)/RT 9)

The values of AH? and AS? were calculated to be 1.5 + 0.4
kcal/mol and —20 % 2 cal/mol, respectively, from a In
(k¢/T) vs. 1/T plot, which is illustrated in Figure 10. The
small value of AH? is to be expected for the H-C transition
of polypeptides because it is connected mainly with the hy-
drogen bond formation which does not require any appre-
ciable activation energy. However, an unexpectedly large
value of AS?! cannot be explained by the diffusion-con-
trolled formation of the hydrogen bond. Schwarz et al®
have estimated the maximum value of the relaxation time
of poly(vy-benzyl L-glutamate) in a dichloroacetic acid-eth-
ylene dichloride mixture as 5 X 1077 sec, which leads to a
value for k¢ of 1.3 X 10!0 sec™!. This value of k¢ shows that
in the poly(y-benzyl glutamate), the helix growth reaction
must be practically 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 PGA, a
large decrease of entropy in the activation state plays the
important role in the H-C transition.

From the present experiments it was found that a high
electric field may induce an H-C transition in PGA. Some
theoretical considerations have been given for the effect of
electric fields on H-C transitions of polypeptides.?6:?7
Schwarz826 has examined theoretically the electric field ef-
fect on H-C transitions of polypeptides with no dissociation
group in the side chain and has applied successfully his
theory to the dielectric relaxation of poly(y-benzyl gluta-
mate) in dichloroacetic acid-ethylene dichloride mixtures.
Recently Kikuchi et al?® have observed the transition of
charged helix to charged coil in poly(L-lysine hydrobro-
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mide) solutions by application of high electric fields. The
origin of these electric-field induced H-C transitions has
been attributed to the difference in the magnitude of dipole
moments for each conformation which leads to a difference
in free energy under the electric field. In the present case, a
more complicated situation may arise. From the experiment
using a pH indicator, it was found that.a considerable num-
ber of protons are released from carboxyl groups in the side
chains by application of an electric field. Accordingly, it is
expected that the dissociation of the proton plays some im-
portant role in the observed relaxation. Taking this fact into
account, two possible mechanisms for the electric-field in-
duced H-C transition can be proposed. One possibility is
that the transition is induced by increasing electrostatic re-
pulsion between the charged side chains caused by proton
dissociation. The other is that it originates from the differ-
ence in overall dipole moment between each conformation
of PGA.?° At the present time it is difficult to distinguish
definitely between the two mechanisms from the available
data. However, the second one may be more suitable for the
following reason. The molecular length may affect the mag-
nitude of the H-C transition per unit EFD greater in the
second mechanism than in the first one. In the present
study, it was found that in order of the chain length (700,
250, and 100) the relaxation amplitude so decreases that at
the extreme of 100 the relaxation time cannot be estimated
accurately. This fact suggests that the second mechanism is
preferable to the first one.

As is shown above, the observed relaxation phenomena
were attributed to the H-C transition, but two problems
still remain to be clarified. (1) The relaxation phenomena
were still observed at considerably high pH values where
helix content is close to zero according to ORD data. (2)
The helix content () is related to s by the following equa-
tion.2?

0='/2[1+ (10)

s’ =1 ]
[(1 =52+ 4a57]1/2
Then with the known value of o and the value of k¢ estimat-
ed experimentally from the maximum relaxation time, the
theoretical curve for a variation of 1/ with pH can be cal-
culated according to eq 7 and 10. The theoretical curve ob-
tained shows a sharper dependence of pH than was ob-
served experimentally. The same results were obtained in
recent kinetic studies of the H-C transition in PGA by the
optical rotation temperature-jump method.!! The first

problem may be due to the existence of small helix content
even at such a pH, but the explanation for the second one is
not so simple. Barksdale et al.” have reported kinetic studies
of PGA in aqueous 0.03 M NaCl by means of ultrasonic
absorption, in which a pH profile of the relaxation time ex-
perimentally obtained is consistent with that calculated
using Schwarz’s theory in contrast with the present results,
Although the deviation of the relaxation time from
Schwarz’s theory in the present case may result from the
complicated coupling of the H-C transition reaction with
the proton-transfer reaction or orientation process, the
cause of this discrepancy is not clear at present. Before we
attain detailed dynamic pictures of the H-C transitions of
polypeptides, we must await the accumulation of more ex-
perimental information on the kinetics of H-C transitions.
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