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(7(LSI))-l =  TO-^+ kg[02] (VII) 

k ,  = (5 f 1) 105 L/mol s was found, which compares with (5.5 
f 0.5) 105 L/mol s for the reaction of lateral poly(a-methyl- 
styryl) radicals with 0 z 2 .  By extrapolation of 7-l for [ 0 2 ]  -, 
0 the lifetime 70 of macroradicals in the absence of oxygen was 
found as ca. 4 X 

mo1L practically all macroradicals have reacted with 0 2 ,  as 
is inferred from the fact that  the degree of degradation be- 
comes independent of [02] (see Figure 2). The plots demon- 
strating the decay of the LSI become curved a t  higher oxygen 
concentrations (see Figure 3). A possible explanation is that  
as the oxygen concentration increases the rate of the reaction 
P- + 0 2  becomes faster. Therefore, the cleavage reaction be- 
comes rate determining for the LSI decay at relatively high 
oxygen concentrations. In other words, a t  [ 0 2 ]  FS m o l L  
u g  = kg[02][P*] < U i  = ki[POy] and at [02] FZ mol/L u g  > 
ui. This conclusion is supported by the fact that  an increase 
of [Oz] by a factor of 100 results in an increase of the degree 
of degradation by a factor of only 5. That means, as the ab- 
sorbed dose is kept constant, the initial concentration of POT 
undergoes only a little change. Thus, the increase of 0 2  causes 
a transition from v g  < vi to u g  > vi. The curves 3 and 4 in Fig- 
ure 3 could then be interpreted by correlating the slowly 
decaying mode of the LSI decay to the decomposition of POT 
or Po,., as depicted by reactions (i) and (i), respectively. The 
respective rate constant is 380 s-l. This conclusion is affirmed 
by the fact that the lifetime of the slowly decaying mode is 

s. 
At oxygen concentrations greater than about 1 X 

approaching a limiting value with increasing [Oz], Le., for a 
given dose the concentration of the oxidized species leading 
to main-chain scission has reached its maximum value, when 
all radicals P a  generated by that dose have reacted according 
to reaction (g). The relatively small portion of LSI decaying 
rapidly at  high [Oz] is thought to be due to reaction (g) which 
is solely responsible for the LSI decay observable at  low [02], 
as is shown in Figure 3b. The straight line correlated to reac- 
tion (g) passes the transition range to the [ 0 2 ]  range where 
reaction (i) is becoming rate determining. 
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Kinetics of the Helix-Coil Transition of Polypeptides 
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ABSTRACT: The mean relaxation time of the peptide units in the helix-coil transition of a polypeptide was calculat- 
ed by means of an extension of Glauber’s dynamical theory of the one-dimensional Ising model. The critical slowing 
down is found near the transition midpoint for all units and is strong for the middle units of the chain. The mean re- 
laxation time of the unit is dependent on the position of the unit in the chain. NMR spectra were simulated by use 
of the calculated mean relaxation times of the units. From comparison of the simulated NMR spectra with experi- 
ment, it is shown that the appearance of separate peaks of a-CH in the NMR spectra is due to the polydispersity in 
molecular weight of the polypeptide sample. 

Recently kinetics of the helix-coil transition of polypep- 
tides has been studied both experimentally and theoretically. 
Unlike the situation for the equilibrium theory, the kinetics 
of the helix-coil transition is not well established. Previous 
theories1p2 treat the initial rates of relaxation of the helical 
content by perturbation from equilibrium. The initial rate 
treatment has been widely and successfully used to interpret 
experimental data obtained by approach-to-equilibrium 
measurement, such as temperature jump,3 ultrasonic ab- 
~ o r p t i o n , ~  dielectric relaxatioqj and yields relaxation times 
of the order of 10-5-10-8 s associated with the kinetics of the 
transition. On the other hand, high resolution nuclear mag- 
netic resonance spectroscopy has been used to study the 
helix-coil transition under equilibrium conditions.6 The NMR 
observation of separate peaks of a-CH in the transition region, 
separated by chemical shift differences of the order of 102 Hz, 
implies the presence of lifetimes of about s or greater.7 

Though several workers8-12 have investigated this contra- 

0024-9297/78/2211-0785$01.00/0 

diction in relaxation time, two theoretical models have been 
proposed to investigate this contradiction. Ul lmar~ ,~  Bradbury 
et al.,1° and Nagayama and Wadall have explained the NMR 
peaks in terms of molecular weight polydispersity. On the 
other hand, Ferretti et aL7J1 and Mille+ have attributed this 
discrepancy to slow nucleation of helix units from random-coil 
polypeptide and concluded that the fast times by both ex- 
periments and theories are related to the time for adding to 
or melting one helix unit from an existing helical sequence and 
the slow time by NMR measurement is related to the forma- 
tion of helix from random-coil polypeptide. The approach- 
to-equilibrium measurements investigates the relaxation of 
approach to new equilibrium of the helical content of the 
polypeptide chain when the system at equilibrium is per- 
turbed. On the other hand, NMR measurement is concerned 
with more microscopic temporal states of individual peptide 
units under equilibrium conditions. 

In this paper, we are concerned with the mean relaxation 
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time of individual peptide units and have investigated the 
dependence of the mean relaxation time on the position of the 
unit in the chain, from the point of view described above. 
Further, we simulated NMR spectra by use of the calculated 
mean relaxation times, and by comparing the simulated NMR 
spectra with experimental NMR spectra, we explore the origin 
of the separate peaks of a-CH which appear in NMR spec- 
tra. 

Kinetics of the Helix-Coil Transition 
Glauberl3 has presented a theory of the time-dependent 

one-dimensional Ising model for an infinitely long ferro- 
magnet. In this section, we describe a model for the kinetics 
of the helix-coil transition of polypeptides of finite lengths 
in terms of the dynamics of the one-dimensional Ising model 
presented by Glauber. 

The variable pj describes the states of the j t h  unit as fol- 
lows: 

ferromagnet polypeptide 
pj = t 1 parallel to magnetic field, helix 

(1) 

The Hamiltonian (or free energy in the case of polypeptides) 
of the system is described as 

= -1 antiparallel to magnetic field, coil 

where J is the cooperative interaction between adjacent units 
and H is related to the energy difference between two states 
of a unit. Glauber showed a transition probability, the prob- 
ability per unit time that the j t h  unit makes a transition from 
the value p; to -pi, is given by the following equation ac- 
cording to the principle of detailed balance: 

where k is the rate constant at  which the unit makes the 
transition from either state to the opposite one, whence k- l  
is the time scale on which the transition takes place, and 

(4) 
X = tanh ( 2 J l k ~ T )  
p = tanh (H/kBT) 

where kB is Boltzmann's constant and T i s  the absolute tem- 
perature. 

The parameters J and H can be related to the standard 
Zimm-Bragg parameters14 s and u in the theory of the 
helix-coil transition. By comparison of the free energy of the 
three-sequence state ( l , l , l )  with that of the state (-1,-1,-l), 
a relationship between H and s can be derived as s = 
exp(BH/k~T). And by comparison of the free energy of the 
state (l,l,l) with that of the state (-1,-1,-1)) and by the 
above relationship, a relationship between J and u can be 
derived as u = exp(-dl/kBT). From the two above-mentioned 
relationships and eq 4, X and p can be related to s and u as 
follows: 

x = (1 - u) / ( l  + u )  

p = ( s  - l)/(s + 1) 
( 5 )  

The elemental steps of the kinetics of the helixxoil transition 
with nearest neighbor interaction are illustrated with the 
transition probabilities in Figure 1. On the other hand, 
Schwarzl introduced additional kinetic parameters YH and 
yc associated with the helix nucleation step and the coil nu- 
cleation step, respectively (see Figure l). Though there is no 
knowledge about these parameters at  the present, we will 
discuss the effect of these parameters on the mean relaxation 
time in a later section. 

Since we consider polypeptides of finite lengths, the end 

k r, LL I t s  
c c c  * ' C H C  

H C C  k i %  H H C  

C C H  ' k &  C H H  

H C H  ,: 
kc- 1 + s  

Figure 1. The transition probabilities between the states of a peptide 
unit. Helix is represented by H and coil by C .  

effect has to be taken into consideration. In the equilibrium 
statics of the helix-coil transition, two phantom coil units, one 
to each end of the chain, are appended. Namely, the following 
boundary condition is given: 

PO = MN+1 = -1 (6) 

This condition corresponds to the situation that the units near 
the chain end have less probability of being in a helix con- 
formation than units near the center of the chain. 

Time Correlation Function and Relaxation Time of 
the Peptide Unit 

of the j t h  unit 
Now we consider the normalized time correlation function 

( 7 )  

where angular brackets indicate the average over all confor- 
mations of a polypeptide. The mean relaxation time of the j t h  
unit correlation, rl, is given by 

( P L ( O ) / + ( t ) )  - ( M U l ) ( M , )  a;@) = 
( C L L M ] )  - ( P l r ) ( P ] )  

In order to calculate the integral of the right-hand side of eq 
8, the Fourier-Laplace transform of the time correlation 
function is considered: 

\ k j ( w )  = Sorn @ j ( t )  exp(-iwt) dt (9) 

And the mean relaxation time is given by eq 8 and 9: 

T j  = * j ( O )  (10) 
Glauber showed that the time correlation function obeys 

(11) 

(12) 
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2 q  -c1 0 0 . . .  
-bl 2t2 -c2 0 . . .  
0 -ba 2t3 -c3 . , . (21) 

. . . 2€N-1 -CN-l 
-bN 2 € ~  

The differential equation of eq 12 is the coupled hierarchy 
equation, in which the third-order correlation function is 
needed to find the second-order correlation functions except 
when f i  = 0 ( s  = 1). In order to truncate the hierarchy equa- 
tion, an approximation introduced by Tanaka et al.I5 was 
used: 
(wL(0)Pj( t )wJ+l( t ) )  - (WL) ( p j p j + 1 )  

( I I I I I j C L j f l )  - (PL) ( P j P j + l )  

1 (PL(O)ll j( t))  - ( C L L ) ( P , )  

2 ( C l L P j )  - ( ! J L ) ( W j )  

E -  

(13) 

Equation 13 is exact at  t = 0 or t - m (i.e., at  equilibrium). For 
convenience sake, eq 13 is rewritten as follows: 

1 (I11(0)/++1(t)) - (PL) (c l j+l)  

2 (PLCL/+l)  - ( A )  (/Jj+l)  

+ -  

( b L ( o ) W J ( t ) b j + l ( t ) )  ( 1 1 6 )  (pjP,l+1) 
1/2G;,I(wL,(0)Pj(t)) - ( P ' )  (/+)I 
+ '/2G) i + ~ ~ ( f i L ( O ) ~ j + 1 ( t ) )  - ( A )  (pj+l)l  (14) 

where 

Using this approximation, eq 12 is linearized for 

+j(t)  = ( p i ( O ) k j ( t ) )  - ( g i ) ( I * j )  (16) 
as: 

where 

(18) 

In eq 17, it is considered that $ f ( t )  - 0 at  t - m (Le., limt-+, 

This set of coupled differential equations can be rewritten 

P c;  = 1 - 2 Gj,,+l 

( / . k ( O ) C L j ( t ) )  = ( P L ) ( P , l ) ) .  

in terms of the Fourier-Laplace transform. 

$)(o) = Lm + j ( t )  exp(-iot) dt (19) 

To avoid complexity, upper suffix i is omitted below. Then 
it can be shown that 

where 

c j  = ( l / X ) [ a j  + i(w/k)] (22)  
Initial conditions C#I~ (0) and Gj,k are given by the static cor- 
relation function calculated by statistical mechanics of the 
helix-coil transition and presented briefly in the Appendix. 
Let Di be the determinant of the i X i matrix obtained from 
the first i rows and columns of matrix M and Ei be the de- 
terminant of the i X i matrix obtained from M after elimina- 
tion of the first N - i rows and columns, thus 

D o =  1 

D1 = 261 

Di = 2tiDi-1 - biCi-iDi-2 ( 2  I i I N )  (23) 

Eo = 1 

E l  = 2€N 

Ei = 2 t~ - ;+ lE i -1 - -  b~- i+2C~- ;+lE; -2  ( 2  I i 5 N )  (24)  

Using Di and Ei defined above 

The mean relaxation time of the j t h  unit is given by 

If chain length is infinite, ( w j  ), G;,k, a;, b;, and F; are inde- 
pendent of i ,  j ,  and k and equations are rewritten as fol- 
lows: 

( F J )  = b 

Gf,k = G 

a; = 1 + (PX/2)G = a 

bf = 1 - (P/2)G = b 

c; = 1 - (P/2)G = b (27) 

(see Appendix). The coupled differential equation (i.e., eq 17) 
becomes as follows: 

I d  x 
k d t  2 - -_  4 ) ( t )  = a + ) ( t )  - - b{+j - i ( t )  + d;+i ( t ) )  (28)  

According to Glauber's procedure, +;(t)  can be described as 

4 ; ( t )  = exp(-ka) 2 4k(0 ) IJ -k (Xkb t )  
k=-m 

m 

= exp(-ka) (1 - W2)XIL- l f k l I k (kkb t )  (29)  
k=-m 

where I k (X)  is the Bessel function of imaginary argument 
and 

x = ( 1  + s - [(l - s)2 + 4us]1'2)/ 
(1 + s -t [ ( l  - s ) ~  + 4 ~ ~ 1 ~ ' ~ )  (30) 

(see Appendix). The Fourier-Laplace transform of eq 29 can 
be done exactly, and when i = j ,  the result is 
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where 

t = (l/A)(a + i(o/k)) 
When s = 1, p = G = 0 and a = b = 1, therefore the mean re- 
laxation time T is given by 

T = = (1 + ~ ) ~ / 4 u h  (4uk)-l (at s = 1) (32) 

This result is equal to the Schwarz’s result,l though the re- 
laxation time defined by eq 8 in this paper has different 
meaning from that defined by Schwarz. 

Simulation of NMR Spectra 

nuclear spin of a peptide unit M ; ( t ) ,  P;( t ) ,  as 
Tanaka et al.15 derived a time correlation function of the 

X (exp [y J m  Ap;(t’) d t ’ ] )  (33) 

where Lyh = - i W h  + Th-’, CY, = -iw, + TC-l (Th and T ,  are the 
relaxation times, associated with protons in helical state and 
coil state, respectively) A p ; ( t )  = p ; ( t )  - ( p ; ) ,  and Pj,h = (1  
+ ( p ; ) ) / 2  and pi,c = (1 - ( p j ) ) / 2  (the probabilities that the 
unit is in helical and coil state, respectively). 

By assuming that p; ( t )  is a Gaussian process,16 P j ( t )  is de- 
scribed as 

x im ( t  - t ’ )a j ( t ’ )  dt’] (34) 

where @;(t )  is @;( t )  in eq 7. If the following inequality is 
satisfied, 

(35) 

in other words, if the relaxation time of the helix-coil transi- 
tion of a peptide unit is much less than that of the proton 
nuclear spin of the unit, the time correlation function p ; ( t )  
can be described as 

Therefore, the line shape of the NMR spectra of the j t h  unit 
is given by 

where wobsd = pj,hwh + pj,,w,. The approximations used in 
order to derive eq 37 are that p; ( t )  is a Gaussian process, the 
relaxation time of the helix-coil transition of a peptide unit 
is much less than that of the proton nuclear spin of the unit, 
and the time correlation function, @j( t ) ,  is approximated in 
terms of the mean relaxation time ~ j ,  i.e., @;(t) exp(-t/ 
T j ) .  

The total line shape of the NMR spectra is given by 
N 

I ( W )  = ,E Z;(w) 
J=1 

Results and Discussion 
T h e  Mean Relaxation Time. We indicate the calculated 

mean relaxation times in the form of the reduced mean re- 
laxation times, ks; .  In order to calculate the reduced mean 
relaxation time, the u values must be specified. In various 
mixed organic solvent systems for various polypeptides, the 
u value is of the order of lov4. Therefore was employed 
as the u value in this study. 

The calculated mean relaxation time of given units is shown 
as a function of s for a chain of 41 units in Figure 2. The critical 
slowing down is observed, i.e., the mean relaxation time has 
a maximum near the transition mid points, (at which time 
the helical content, 0, is 0.5). For a middle unit of the chain the 
critical slowing down is especially to be noted. Actually, since 
s, for a chain of 41 units is 1.18, the mean relaxation time has 
a maximum at a somewhat smaller s than s,. The middle unit 
s at  which the relaxation time has a maximum, s,, is equal to 
s,. However, sc for the unit near the chain end is smaller than 
for the unit near the center of the chain. 

The position dependence of the mean relaxation time for 
several s values is shown in Figure 3 for a chain of 41 units. The 
mean relaxation time strongly depends on the position of the 
unit in the chain especially for s values nearly equal to s,. The 
mean relaxation time of a unit located near the center of the 
chain is much larger than that of a unit located near the chain 
end. The helix-coil transition of a short chain can be described 
by one helix-region model, in which the chain has one helix 
sequence restricted to the interior of the chain, so diffusion 
of the two helix-coil boundaries (propagation steps in our 
words) dominates the kinetics of the transition and the nu- 
cleation step rarely occurs. Therefore a unit located near the 
center of the chain has a much larger mean relaxation time. 

In Figure 4, the mean relaxation times of given units for a 
chain of 81 units are shown as functions of s. The same be- 
havior as that for a chain of 41 units can be seen. The maxi- 
mum value of the mean relaxation time for the middle unit is 
smaller for a shorter chain than for a longer chain. On the 
other hand, the maximum value of the mean relaxation time 
of the unit located at  the same position from the chain end is 
larger for a shorter chain than for a longer chain. 

As described in the previous section, Schwarz’ introduced 
additional kinetic parameters YH and yc associated with the 
rate constants of helix nucleation and coil nucleation, re- 
spectively. Here we consider the case in which YH = yc = y. 
In such a case, the transition probability, w;(p;) ,  is given by 

where 

k y u + y + 2  
4 

y u + y - 2  
Y + Y + 2  

y u + y + 2  

k’ = 

6 =  

(40) 

If y is 2/(1 + u), then k‘ = k, 6 = 0, and A’ = A, and eq 39 be- 
comes equivalent t~ eq 3. Namely this value is 2/(1+ u) = 2/[1 
+ exp(-4J /k~T)]  in the dynamics of the Ising model by 
Glauber. The assumption that y is equal to 2/(1 + u) corre- 
sponds to the assumption that the transition (-1, 1, -1) -+ 

A‘ = 2 r ( l  - a) 
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Figure 2. Reduced mean relaxation time as a function of s for dif- 
ferent units in a chain of 41 units. A value of u = was chosen. 

1200 3 

1 5 10 15 

UNIT  NUMBER( j I 
21 

Figure 3. Reduced mean relaxation time as a function of position of 
the unit in a chain of 41 units. 

(-1, -1, -1) (or (1, -1,l) - (1, 1,l)) occurs twice as fast as 
the transition (-1, 1,l) - (-1, -1,l) (or (1, -1, -1) - (1,1, 
-1)) since u 0 and 2. This is due to the situation that the 
helix unit that makes the transition to coil is bounded by two 
adjacent coil units in the transition (-1, 1, -1) - (-1, -1, 
-l), while the helix unit is bounded by one coil unit on one 
side in the transition (-1, 1, 1) - (-1, -1,l). The mean re- 
laxation time of the middle unit of a chain of 41 units as a 
function of s is shown for various y values in Figure 5 .  In 
Figure 6, the mean relaxation time of the middle unit in the 
chain of the same length is shown as a function of y for dif- 
ferent s values. As shown in Figures 5 and 6, the mean relax- 
ation time is larger for a small y value than for a bigger y value. 
In the case in which y is small, the nucleation step rarely oc- 
curs and the propagation step is significant in the transition. 
Therefore the mean relaxation time becomes larger and the 
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0.9 1.0 1.1 1 2  
5 

I 

Figure 4. Reduced mean relaxation time as a function of s for dif- 
ferent units in a chain of 81 units. 

5 10 15 20 

UNIT  NUMBER( ] )  

Figure 5. Position dependence of the reduced mean relaxation time 
for different y values in a chain of 41 units. 

position dependence of the mean relaxation time is stronger 
for a small y value. Though the mean relaxation time is de- 
pendent on y as described above, its order of magnitude does 
not change even in the case of zero y. In other words, the de- 
pendence on y is not so strong in the case of a short chain. For 
such short polypeptides, the one helix-region model is valid, 
and the nucleation step rarely occurs, as described in the 
previous section. y = 0 corresponds to the one helix-region 
model in the kinetics of the transition. Therefore the mean 
relaxation time does not strongly depend on y for such a short 
chain. In Figure 7 ,  the position dependence of the mean re- 
laxation time for chains of different lengths is shown for s = 
1.0 and y = 0. Strong position dependence is shown. 
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Figure 6. Reduced mean relaxation time of the middle unit in a chain 
of 41  units as a function of the y value for different s values. 

r to-' 1 8 i  
1631 t 1 

0 10 20 30 40 
UNIT  NUMBER(]) 

Figure 7. Ratio of the inverse of the mean relaxation time of the jth 
unit to the inverse of the mean relaxation time of the first unit at s = 
1.0 with different degrees of polymerization in the case of y = 0. 

Nuclear Magnetic Resonance Spectra. In order to es- 
timate the absolute value of the mean relaxation time rj, the 
k value must be specified. Recently Zana17 summarized 
published results of the relaxation time and by substituting 
these values into the Schwarz equation (eq 32) he concluded 
that the most probable value of the rate constant for the ele- 
mental step of helix growth is about 108s-l. He thought that 
the elemental step of helix growth appears to be limited by the 
rate of rotation of short segments of the polypeptide chain 
around C-C' and C-N bonds. If 108 5-1 is adopted to the k 
value the mean relaxation time of the peptide unit is of the 
order of 10-5 s even in the case in which y is zero. Because of 
this result and the fact that  the chemical shift difference in 
220-MHz NMR is about 102 Hz, the inequality of eq 35 is 
satisfied. 

-n 

Figure 8. Simulated NMR spectra for a chain of 35 units with u = 
Th-l = 11.75 s-l, Tc-I = 10.75 s-l, and a chemical shift differ- 

ence of 134 Hz.l1 

To simulate the NMR spectra, ah, wC, T h ,  and T, must be 
specified, where W h  and wc are the chemical shifts and T h  and 
T, are the relaxation times associated with protons in helical 
and coil state, respectively. These values were taken from the 
220-MHz NMR data of Nagayama and Wadall for a fairly 
monodisperse sample of 35 units. Namely, W h  - oC = 134 Hz, 
T h - l  = 11.75 s-l, and TC-l = 10.75 s-l. 

In Figure 8, the simulated NMR spectra calculated by use 
of eq 37 and 38 is shown for a chain of 35 units. A small 
shoulder and a very small peak near the coil resonance at  high 
helical constant region are indicated. This shoulder and peak 
are the result of the fact that the units located near the chain 
end have less probability of being in helical conformation than 
the units near the center of the chain. The end effect is es- 
sential to the appearance of separate peaks of polydisperse 
sample. 

The line. shape of a polydisperse sample, in which the 
number fraction of p-mer is f p ,  is given by 

I ( W )  = E fpZp(W) (41) 

In Figure 9, the simulated and experimental NMR spectra of 
the polydisperse sample are shown, in which the molecular 
weight distribution is similar to that of the sample used in 
NMR measurements by Milstien and Ferretti's and Ferretti 
and Jernigana7 In both the simulated and the experimental 
spectra, the coil and helix peaks are shown; the coil peak does 
not shift and the helix peak only shifts slightly. Even a t  the 
high helical content region, a small coil peak still exists in both 
spectra. Though the third peak is shown between helix and 
coil peaks in the simulated spectra, this third peak seems to 
be partly due to the fact that the molecular weight distribution 
used in simulation is not a continuous function and the frac- 
tion is taken stepwise for each ten units. 

In Figures 10 and 11, the simulated and experimental (in 
Figure 11) NMR spectra of longer samples are shown, in which 
the type of molecular weight distribution is the same as that 
of Figure 9. Though the molecular weight distributions of the 
samples in Figures 10 and 11 are unknown, it is hard to think 
that the distribution is narrower than for the shorter chain of 
the sample in Figure 9. Both helix and coil peaks are indicated, 
and the coil peak does not shift appreciably but merely 
changes intensity as in the case of the short chain. On the other 
hand, the helix peak shifts toward the coil peak. The shift of 

P 
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DPw=55 

‘h TFA 

5.8 

6.5 

8.5 Ju.- 

0%- 47 
DPN= 37 

! s =  1.06 

Figure 9. Simulated (right side) NMR spectra for a molecular weight 
polydisperse sample of DPw = 47 and DPN = 37. Assumed molecular 
weight distribution is similar to that of the sample used in the NMR 
measurement of poly(?-benzyl L-glutamate) by Ferretti and Jernigan’ 
and by Milstien and Ferretti.ls Left-side spectra are the observed 
a-CH spectra of poly(?-benzyl L-glutamate) (DPw = 55) by Ferretti 
and Jernigam7 
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Figure 10. Simulated NMR spectra for a molecular weight polydis- 
perse samples of DPw = 113 and DPN = 91. The molecular weight 
distribution is the same as that in Figure 9. 

the helix peak is more remarkable and the appearance of 
separate peaks is less clear in longer chain than in shorter 
chain. On the whole, the agreement between the simulated 
and experimental spectra is good as shown in Figures 9 and 
11. Moreover the third peak that appears in the simulated 
spectra of short chain is not so distinct in that of the long 
chain. This seems to be due to the fact that the influence of 
discontinuity of the assumed molecular weight distribution 
is smaller in the longer chain, because the transition behavior 
is less dependent on molecular weight in longer chains than 
in shorter chains. 

In Figure 12, the simulated NMR spectra of the narrower 
molecular weight distribution sample is shown, in which the 
distribution is similar to that of the monodisperse sample used 
by Milstien and Ferretti.ls Coil and helix peaks are still shown 
in the fairly monodisperse sample, though the separation of 
the peaks is incomplete. 

Consideration must be given to the molecular weight po- 
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Figure 11. Similar to  Figure 9 except for chain length. 
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Figure 12. Simulated NMR spectra of a narrower molecular weight 
distribution sample of DPw = 55 and DPN = 51. The distribution is 
similar to that of the sample used as a monodisperse sample by Mil- 
stien and Ferretti.]* 

lydispersity because it is unavoidable in the synthesized 
polymer. When the polydispersity is taken into consideration, 
the agreement between the simulated and experimental NMR 
spectra is good for both short chain and long chain as shown 
in this section. Further, recently we have shown that the 
separate peaks cannot be attributed to the long lifetime of the 
helix-coil transition of the order of lom2 s.19 Therefore it is 
concluded that the separate peaks in the NMR spectra result 
from the molecular weight polydispersity of the sample. 

There may be many kinds of relaxation modes in the 
helix-coil transition, some of which are not expected by the 
dynamics of the one-dimeniional Ising model. For example, 
Fujiwara and Saito20 have proposed theoretically the mode 
having a long time scale associated with helix nucleation from 
a completely helical polypeptide in order to explain the results 
of the isotope exchange experiments by Ikegami et a1.21 
However, it  is hard to think that the mode associated with coil 
nucleation has a much longer time scale than that associated 
with propagation step, as shown in our previous paper.19 
Therefore, it is concluded that both approach-to-equilibrium 
measurement and NMR measurement observe the same mode 
of the relaxation of the helix-coil transition. 

Appendix 
In order to get the initial value of the time correlation 

function dj(0) and Gj,k factor, the correlation function at  
equilibrium is necessary. These are calculated on the base of 
the equilibrium statistical mechanics of the helix-coil tran- 
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sition. The procedure of calculation is the same as that of 
Tanaka and Suzuki.22 However, all random-coil conformation 
is regarded as the energy standard in this study, and our 
transition matrix W is 

S 61/2s 1/2 

= I u1/2s1/2 1 

The partition function ZN is given by 

ZN = eWIWN-lWNe+ (-42) 
where 

e = (1,'l) and e+ = ( 1 , 1 ) +  (A31 

The correlation function is given as follows: 

(pipj .  . , p k )  = ZN-leWIWi-lWfWj-iW' 

where 

. . . W'WN-kWNe+ (A4) 

1 0  W' = 
I o  -11 

For infinitely long polypeptide, the end effect does not have 
to be taken into consideration. Therefore 

(A6) 
trace Wi-lWf WN-i 

(pi) = p = lim 
N-- trace WN-1 

By transforming W into diagonal matrix A, we get 

trace T-lAi-lTW'T-lAN-'T 
y =  lim 

N-- trace T-lAN-lT 
trace AN-lTW'T-l = lim 

N-- trace AN-l 
where 

W = T-lAT 

and 

where X1 and Xz ( X I  > X p )  are the eigenvalues of matrix W. 

X1,Z = [l + s f ((1 - s)' + 4~s)l/']/2 (A101 

By substituting T-' and T calculated by eq A8 into eq A7, we 
get the following final result: 

The second-order correlation function (pipj) and G factor 
are also given by the same procedure, and the final results 
are 

(X, /Xl)  is equal to x in eq 29, and 
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