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Abstract

3C CP/MAS NMR and 'H T p experiments on homopolypeptides obtained from D- and L-alanines, L-isoleucine, glycine and L-valine, and
on their polypeptide blends have been carried out, in order to elucidate the conformational stability of the polypeptides in the solid-state.
These polypeptide blends were prepared by adding trifluoroacetic acid (TFA) solutions of the polypeptides containing a 2.0% (w/w) amount
of sulfuric acid (H,SOy,) to alkaline water. From these experimental results, it was clarified that the conformations of the polypeptides in their
blends are strongly influenced by intermolecular hydrogen bonding interactions which cause their miscibility at the molecular level. © 2002

Elsevier Science Ltd. All rights reserved.
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1. Introduction

Synthetic homopolypeptides consist of a repeated
sequence of an amino acid. The structures of the
homopolypeptides are not as complicated as those of
proteins. Nevertheless, homopolypeptides take some speci-
fied conformations such as the a-helix, 3-sheet, etc. which
appear in proteins. These individual conformations are
transformed into other conformations under certain con-
ditions such as temperature quenching. [1-7]. For example,
the right-handed a(ag)-helix form is transformed to the left-
handed a(ay)-helix form, the ag-helix form to the w-helix
form, the w-helix form to the (-sheet form, etc. These
transformations arise from the energetic stability caused by
hydrogen bond (HB) interactions. Thus, according to the
balance of the intra- and intermolecular HB interactions in
polypeptide blends, it is expected that the strength of
intermolecular interactions in the blends may be different
from those in homopolypeptides such that new confor-
mations may be formed by intermolecular interactions,
which do not originally exist in the homopolypeptides.

* Corresponding author. Tel.: 4+ 81-3-5734-2139; fax: +81-3-5734-2889.
E-mail address: iando@polymer.titech.ac.jp (I. Ando).

Copolymers of alanine (Ala) and glycine (Gly) [(Ala,
Gly),] take the right-handed a-helix, B-sheet and 3;-helix
forms in the solid-state. These are obtained by changing the
composition ratio or by solvent treatment [§—11]. As well
known, two kinds of synthetic polypeptides do not form
polypeptide blends by using conventional method. Most
recently, we have found [12] that poly(L-alanine) (PLA) and
poly(L-valine) (PLV) could blend at the molecular level as
prepared by adding a trifluoroacetic acid (TFA) solution of
these polymers containing a 2.0% (w/w) amount of sulfuric
acid (H,SO,) to alkaline water. Our new method is very
useful one for preparing polypeptide blends. In this work we
prepare some polypeptide blends by using this method.

Hence, we have been concerned with the conformational
stability of PLA/poly(L-isoleucine) (PLIL), polyglycine
(PG)/PLV and poly(D-alanine) (PDA)/PLV blends. Here,
let us describe some reasons why PLA/PLIL, PG/PLV and
PDA/PLV blends are interesting systems. PLA and PDA in
the solid-state can take the a-helix and (3-sheet forms due to
intra- and intermolecular HBs, respectively. PG in the solid-
state can take the 3;-helix (PG-II) and 3-sheet (PG-I) forms
due to intra- and intermolecular HBs, respectively. How-
ever, PLIL and PLV in the solid-state can predominantly
take the B-sheet form as the stable conformation. For this
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reason, it is interesting to know whether an isolated a-helix
or 3;-helix polypeptide surrounded by a major polypeptide
in the B-sheet form can take the helical conformation or not.
In addition, we would like to know whether a polypeptide in
the 3-sheet form surrounded by a major polypeptide in the
a-helix or 3;-helix form can take the 3-sheet conformation.
By using their blended systems, such a conformational
change may provide some useful knowledge about the
conformational stability. The balance of intra- and inter-
molecular HB interactions would also play a role.

As an NMR methodology for elucidating conformational
stability in the PLA/PLIL, PG/PLV and PDA/PLV systems,
the conformation-dependent '*C NMR chemical shift for
polypeptides in the solid-state is used in this work. This
approach has been demonstrated in a series of previous
works [13—18] as described below. It has been elucidated
that the '’C NMR chemical shifts of a number of
polypeptides and proteins in the solid-state, as determined
by the CP/MAS (cross-polarization/magic angle spinning)
method, are significantly displaced, depending on their
particular conformations such as a-helix, 3;-helix or 3-
sheet [13-21].

In this work, therefore, we aim to prepare PLA/PLIL,
PG/PLV and PDA/PLV blend samples with various mixture
ratios and to elucidate the conformational stability of their
polypeptides and their blended samples by '*C CP/MAS
NMR and 'H T p EXperiments.

2. Experimental

2.1. Materials

Poly(L-alanine) (molecular weight, M: 23 600) in the
right-handed a-helix form, poly(D-alanine) (M,,: 3000) in
the left-handed «-helix form, poly(L-isoleucine) (M,,: 8500)
in the 3-sheet form, poly(L-valine) (M,: 1700—1900) in the
B-sheet form and polyglycine (M,: 1000) in the (-sheet
form (PG-I) were purchased from Sigma Chemical Co.,
respectively [13—15]. Polyglycine in the 3;-helix (PG-II)
form was obtained by precipitation from an aqueous lithium
bromide (LiBr) solution of PG [§—10]. Poly(L-alanine)
(M,,: 1000-5000) with a 1/1 mixture of the B-sheet and a-
helix forms, as determined by '*C CP/MAS NMR was
purchased from Sigma Chemical Co. As reported previously
[22], low molecular weight PLA takes the B-sheet form. The
conformation of these polypeptides was checked by '*C CP/
MAS NMR. The polypeptide mixtures with various ratios of
100/0, 80/20, 50/50, 20/80, and 0/100% (w/w) were
dissolved in trifluoroacetic acid with 2.0% (w/w) amount
of H,SO,, which is the ‘random coil’ solvent [23] for these
polypeptides. Their solutions were added to alkaline water
at room temperature and the precipitated blend samples
were washed with water and dried under vacuum at 308—
318 K.

2.2. Measurements

13C CP/MAS NMR measurements were performed on a
Bruker DSX-300 spectrometer operating at 75 MHz
equipped with a CP/MAS accessory at room temperature.
The 'H 90° pulse width was 3.7 s, the contact time was
2 ms, and the pulse delay was 5 s. The spectral width and
number of data points were 27 kHz and 2k, respectively.
Samples were placed in a bullet-type rotor and spun at 5—
7 kHz. Spectra were accumulated 144 —520 times to achieve
a reasonable signal-to-noise ratio. The '*C chemical shifts
were calibrated indirectly though the low frequency
adamantane peak (29.5 ppm relative to tetramethylsilane).

The spin-—lattice relaxation times in the rotating frame
for protons ('H T,,) were obtained by the standard CP
scheme. For the 'H T » measurements we used a spin-lock
sequence with various spin-locking times (7). The 'H 90°
pulse width used in the spin-locking experiments is 3.7 ps.
The proton data are detected through carbon by the CP
process. The contact time was set to 2 ms and 'H spin-
locking times were changed in the range of 0.01-10 ms.
The 'HT, p 18 very sensitive to the domain size of individual
polymers in polymer blends through the spin-diffusion
process. Therefore, this method becomes very useful for the
study of miscibility in polymer blends [24].

As reported in previous papers [25-28] the fractions of
a-helical and B-sheet conformations of the L-Ala residue in
various polypeptides in the solid-state can be determined by
3C CP/MAS measurements. These include the dipolar
dephasing time, '>C T, and 'H T, experiments and the CP
efficiency experiments on various polypeptide mixtures.

3. Results and discussion

3.1. C CP/MAS NMR spectra and conformational
characterization

(1) PLA/PLIL blend sample. The observed 13C CP/MAS
NMR spectra of PLA, PLIL and the PLA/PLIL (50/50)
blend samples as prepared by adding a TFA solution of
PLA, PLIL and a mixture of PLA/PLIL with a 2.0% (w/w)
amount of H,SOy, to alkaline water are shown in Fig. 1. The
assignments of these spectra are made by the above-
mentioned method. The '*C chemical shift values of these
polypeptide samples are listed together with the reference
data of PLA in the right-handed a-helix form and (-sheet
form, and PLIL in the B-sheet form [22,29,30] in Table 1.
The reference '>C chemical shift data were used for the
conformational characterization as shown below. The three
intense peaks at 176.9, 53.3 and 15.5 ppm which appear in
the spectrum of PLA (Fig. 1(a)) can be assigned to the C=0,
Ca, and CB carbons, respectively. From these '>C chemical
shift values, it is found that the PLA used in this work takes
the a-helix form. There are no peaks which come from the
B-sheet form. On the other hand, in the spectrum of PLIL
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Fig. 1. 3C CP/MAS NMR spectra of the PLA, PLIL and PLA/PLIL blend
samples. (a) PLA/PLIL (100/0), (b) PLA/PLIL (50/50), (c) PLA/PLIL
(0/100) and (d) expanded '*C CP/MAS NMR spectrum for the carbonyl

carbon region and for the Ca, CB, Cy and C8 carbon regions of the
PLA/PLIL blend with the mixture ratio of 50/50% (w/w).

(Fig. 1(c)), the six intense peaks appear at 172.0, 58.1, 39.6,
25.9/15.0 and 12.3 ppm and can be assigned to the C=0,
Ca, CB, Cy/Cvy, and Cd carbons, respectively. From these
13C chemical shift values, it is found that PLIL takes the -
sheet form.

Next, we are concerned with the conformational
characterization of the PLA/PLIL blends. The observed
'3C CP/MAS NMR spectrum for a PLA/PLIL blend sample
with a mixture ratio of 50/50% (w/w) is shown in Fig. 1(b),
which corresponds to the molar mixture ratio of ( = 1.60).
In the '3C CP/MAS spectrum, a new peak for the Ca carbon
of PLA appears clearly at 48.9—-49.2 ppm. This peak can be
assigned to the Ca carbon of PLA in the 3-sheet form. In
order to clarify in detail the appearance of this new peak, the
C=O0 carbon region and the Ca, CB, Cy and C8& carbon
regions in the spectrum of the PLA/PLIL blend with a
mixture ratio of 50/50% (w/w), were expanded as shown in
Fig. 1(d). By computer-fitting the observed spectrum was
decomposed as a sum of Lorentzian lineshapes, and then the
fractions of the a-helix and B-sheet forms for PLA and PLIL

Table 1
Observed solid-state '>C chemical shifts of PLA, PLIL and PLA/PLIL
blend samples

Polypeptide samples '>C chemical shift (ppm) Conformation

C=0 Ca CB Cy (e
PLA 1767 53.2 16.0 a-Helix®
PLA 1724 49.4 207 B-Sheet®
PLIL 1720 58.0 386 259/150 12.0 PB-Sheet"
PLA/PLIL (100/0) 1769 533 155 PLA a-helix
PLA/PLIL (80/20) 1767 532 155 PLA a-helix
1721 492 203 PLA B-sheet
-* 581 388 257/-® 122 PLIL B-sheet
PLA/PLIL (50/50)  176.7 532 -° PLA a-helix
-* 491 205 PLA B-sheet
172.1 58.0 387 25.6/152 12.4 PLIL B-sheet
PLA/PLIL 1767 532 -° PLA a-helix
(20/80) -* 489 203 PLA B-sheet

172.1 58.0 39.2 25.7/15.0 12.3 PLIL -sheet
PLA/PLIL (0/100) 172.0 58.1 39.6 25.9/15.0 12.3 PLIL B-sheet

# Refs. [22,29,30].
" Not determined because of the overlap of the minor peak with the major
peak.

were determined. The determined («-helix form + B-sheet
form) peak intensity for the Ca carbons of PLA (fp; ) is
much larger than that for the Ca carbons of PLIL in the (3-
sheet form (fp; 11.). Then, the ratio of fp; A/fpr1 1s about 1.61.
This is very close to theoretical prediction of 1.60. This
means that the fractions of the a-helix and 3-sheet form can
be estimated by '*C CP/MAS NMR. Another new peak of
the CB carbon of PLA appears at about 20.5 ppm, in
addition to an intense peak assigned to the a-helix form
(16.0 ppm), and this can be assigned to the B-sheet form
(20.5 ppm). These results show that the a-helix form of
PLA in PLA/PLIL blends is partially transformed to the B-
sheet form.

(2) PG/PLV blend sample. The observed '*C CP/MAS
NMR spectra of PG, PLV and the PG/PLV (50/50) blend
samples are shown in Fig. 2. The assignments of these
spectra were made by the above-mentioned method. The
13C chemical shift values of these polypeptide samples are
listed together with those for PG in the 3;-helix form (PG-II)
and B-sheet form (PG-I), and PLV in the -sheet form [22,
29,30] in Table 2. The two intense peaks at 172.9 and
42.9 ppm, which appear in the spectrum of PG (Fig. 2(a))
can be assigned to the C=0 and Ca carbons. From these '°C
chemical shift values, it is found that the PG used in this
work takes the 3;-helix form. There are no peaks which
come from the B-sheet form. On the other hand, in the
spectrum of PLV (Fig. 2(c)), the four intense peaks appear at
172.0, 58.6, 32.8 and 19.0 ppm and can be assigned to the
C=0, Ca, CB and Cry carbons, respectively. From these '*C
chemical shift values, it is found that PLV takes the [3-sheet
form.

Next, we are concerned with the conformational
characterization of PG/PLV blends. The observed '°C
CP/MAS NMR spectrum for the PG/PLV (50/50) blend
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Fig. 2. '*C CP/MAS NMR spectra of the PG, PLV and PG/PLV blend
samples. (a) PG/PLV (100/0), (b) PG/PLV (50/50), (c) PG/PLV (0/100) and
(d) expanded '*C CP/MAS NMR spectrum for the carbonyl carbon region
and for the Ca, CP and Cvy carbon regions of the PG/PLV blend with the
mixture ratio of 50/50% (w/w).

sample is shown in Fig. 2(b). In the '>C CP/MAS spectrum,
a new peak for the C=0 carbon appears clearly at 169.5—
169.9 ppm. This peak can be assigned to the C=O carbon of
PG in the (3-sheet form as seen from Table 2. In order to
clarify in detail the appearance of this new peak, the
carbonyl carbon region and the Ca, CP and Cvy carbon
region in the spectrum of the PG/PLV blend, with a mixture
ratio of 50/50, were expanded as shown in Fig. 2(d). By
computer-fitting the observed spectrum was decomposed,
and then the fractions of the 3;-helix and B-sheet forms for
PG and PLV were determined.

Another new peak of the Ca carbon of PG appears at
about 44.3 ppm in addition to a small peak assigned to the
3,-helix form (42.6 ppm), and can be assigned to the [3-sheet
form (44.3 ppm). These results show that the 3;-helix form
of PG in the PG/PLV blends is partially transformed to the
[3-sheet form.

(3) PDA/PLV blend sample. The observed '*C CP/MAS
NMR spectra of PDA, PLV and a PDA/PLV (50/50) blend
sample are shown in Fig. 3. The assignments of these
spectra are made by the above-mentioned method. The '*C

Table 2
Observed solid-state '>C chemical shifts of PG, PLV and PG/PLV blend
samples

Polypeptide samples  '>C chemical shift (ppm) Conformation

C=0 Ca CBp Cy

PG 1729 426 3,-Helix*
PG 169.0 443 B-Sheet®
PLV 1723 586 329 190  B-Sheet'
PG/PLV (100/0) 1729 429 PG 3;-helix
PG/PLV (80/20) 1725 428 PG 3;-helix
169.5  44.0 PG R-sheet
_b 58.6 327 191  PLV B-sheet
PG/PLV (50/50) -t 428 PG 3;-helix
169.5 443 PG B-sheet
1722 589 329 190  PLV B-sheet
PG/PLV (20/80) -t 428 PG 3;-helix
169.9 445 PG B-sheet
1722 588 330 19.0 PLV B-sheet
PG/PLV (0/100) 1720 586 328 19.0  PLV B-sheet

? Refs. [22,29,30].
® Not determined because of the overlap of the minor peak with the major
peak.
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Fig. 3. 3C CP/MAS NMR spectra of the PDA, PLV and PDA/PLV blend
samples. (a) PDA/PLV (100/0), (b) PDA/PLV (50/50), (c) PDA/PLV
(0/100) and (d) expanded 13C CP/IMAS NMR spectrum for the carbonyl
carbon region and for the Ca,, Cf3 and Cvy carbon regions of the PDA/PLV
blend with the mixture ratio of 50/50% (w/w).
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Table 3
Observed solid-state '>C chemical shifts of PDA, PLV and PDA/PLV blend
samples

Polypeptide samples ~ '*C chemical shift (ppm) Conformation

C=0 Ca Cp Cy

PDA" 176.8 531 157 a-Helix®
PLA 1724 494 207 B-Sheet®
PLV 1723 586 329 190  P-Sheet®
PDA/PLV (100/0) 1766 533 157 PDA a-helix
PDA/PLV (50/50) 176.8 531 159 PDA o-helix
- 489 209 PDA B-sheet
1722 586 327 19.0 PLV B-sheet
PDA/PLV (0/100) 1722 589 329 190 PLV B-sheet

? Refs. [22,29,30].

® Very small B-sheet C=0 and Ca peaks appear at ca. 172 and 49 ppm,
respectively, as a broad shoulder of an intense a-helix peak. Therefore, it is
difficult to obtain the exact chemical shift values of the PDA 3-sheet form.
As the chemical shift values of PDA B-sheet form, the chemical shift values
of PLA B-sheet form are shown instead of PDA as reference data.

¢ Not determined because of the overlap of the minor peak with the major
peak.

chemical shift values of these polypeptide samples are listed
in Table 3 together with the reference data of PDA in the a-
helix form and PLA and PLV in the 3-sheet form [22,29,
30]. Very small B-sheet C=0 and Co peaks appear at ca.
172 and 49 ppm, respectively, as a broad shoulder of an
intense a-helix peak. Therefore, it is difficult to obtain the
exact chemical shift values of the PDA [-sheet form.
However, the chemical shift values of the PLA B-sheet form
may be the same as those of PDA. The three intense peaks at
176.6, 53.3 and 15.7 ppm which appear in the spectrum of
PDA (Fig. 3(a)) can be assigned to the C=0, Ca and C3
carbons, respectively. From these '*C chemical shift values,
it is found that the PDA used in this work takes the a-helix
form. On the other hand, in the spectrum of PLV (Fig. 3(c)),
the four intense peaks appear at 172.2, 58.9, 32.9 and
19.0 ppm, and can be assigned to the C=0, Ca, C3, and Cy
carbons, respectively. From these 13C chemical shift values,
it is found that PLV takes the -sheet form.

We are concerned with the conformational characteriz-
ation of PDA/PLV blends. The observed '*C CP/MAS
NMR spectrum for the PDA/PLV (50/50) blend sample is
shown in Fig. 3(b). In the '>*C CP/MAS spectrum, a new
peak for the Ca carbon of PDA appears clearly at 48.9 ppm.
This peak can be assigned to the Ca carbon of PDA in the [3-
sheet form. In order to clarify in detail the appearance of this
new peak, the carbonyl carbon region and the Ca,, C3 and
Cry carbon regions in the spectrum of the PDA/PLV (50/50)
blend sample were expanded as shown in Fig. 3(d). By
computer-fitting the observed spectrum was decomposed,
and then the fractions of the a-helix and 3-sheet forms for
PDA and PLV were determined. Another new peak of the
CB carbon of PDA appears at about 20.9 ppm, in addition to
an intense peak assigned to the a-helix form (15.7 ppm),
and this can be assigned to the (-sheet form (20.9 ppm).

These results show that the a-helix form of PDA in the
PDA/PLV blends is partially transformed to the [-sheet
form.

From the above results, it is very significant to realize
that the homopolypeptides of PLA, PDA and PG in the helix
form do not form the 3-sheet form used by the TFA-alkaline
treatment for preparing blend samples. However, the
conformation of their blend samples, prepared by the
TFA-alkaline treatment, is changed from the a-helix or 3;-
helix form to the 3-sheet form. Further, it can be said that
the B-sheet form of PLA, PDA and PG in the blend
polymers is incorporated into PLIL and PLV in the 3-sheet
form. It then takes the (3-sheet form by forming hydrogen
bonds with PLIL and PLV, and the other components of
PLA, PDA and PG take the helix form. Thus, we can say
that the generation of the conformation of PLA, PDA and
PG in PLA/PLIL, PDA/PLV and PG/PLV blends may be
closely associated with changes in the strength of inter-
molecular HB interactions between the polypeptides.

Such a conclusive consideration is certainly speculative.
Nevertheless, we think that it may be acceptable because of
our detailed analysis of the experimental data. When each of
PLA, PDA, PG, PLIL and PLV samples was treated under
the same treatment condition as the individual case of their
blends as described above, the structure of polypeptides
after its treatment did not change from the original structure
as seen from the '*C CP/MAS NMR experiments. On the
other hand, the structure of blended polypeptides after the
treatment significantly changes. Therefore, it can be said
that such a change comes from intermolecular interactions
of them.

'H T;, Experiments on PLA, PLIL, PG, PDA, PLYV,
PLA/PLIL, PG/PLV and PDA/PLV blend with a mixture
ratio of 50/50 and the blend compatibility. The "H T, p data
are sensitive to the domain size of individual polymers in
polymer blends through the spin-diffusion process and thus
can be used to study the miscibility of polymer blends. Since
the efficiency of spin-diffusion is governed by dipole—
dipole interactions, knowledge of the rate of spin-diffusion
among proton spins of individual polymers in polymer
blends would provide useful information about domain sizes
in the region of 2-5nm [24,31-35]. Therefore, more
detailed information about the structure of PLA/PLIL, PG/
PLV and PDA/PLV blends can be obtained by the 'H T,
experiments. Typical '>*C CP/MAS NMR spectra of PLA/
PLIL (50/50), PG/PLV (50/50) and PDA/PLYV (50/50) blend
samples are measured as a function of 'H spin-locking time,
7 (not shown). In the PG/PLYV blend spectrum two peaks for
the PG Ca carbon in the 3;-helix form and (3-sheet form are
overlapping with each other as shown in Fig. 3. For this
reason, we used computer-fitting method to determine the
'HT, » value as exactly as possible. We think that although
the experimental error is somewhat larger compared with
the results determined from two separated peaks, its value
may be used in discussion of the polymer blends. The
intensities of the individual peaks decrease with an increase



6876 K. Murata et al. / Polymer 43 (2002) 6871-6878

10: (O) Pure PLA(0-helix) Co

(0) PLA/PLIL(50/50)blend sample
PLA(0.-helix) Ca.

(@)

Peak Intensity

01 2 3 4 5 6 7 8 9 10 11
Proton spin-locking time (ms)

10§ (3) Pure PG(B-sheet) Co.

(0) PG/PLV(50/50)blend sample
PG(B-sheet) Ca

0

(b)

Peak Intensity

01 2 3 4 5 6 7 8 9 10 11

Proton spin-locking time (ms)

10 (O) Pure PDA(0o.-helix) Ca

(0) PDA/PLV(50/50)blend sample
PDA (o-helix) Co

(©)

—

Peak Intensity

O T T T T T T T T T T
01 2 3 4 5 6 7 8 9 10 11
Proton spin-locking time (ms)

Fig. 4. Typical semi-log plots of the peak intensities for the reference and
blend samples against the proton spin-locking time 7. (a) PLA/PLIL
(50/50), (b) PG/PLV (50/50) and (c) PDA/PLV (50/50).

in 7. The semi-log plot of the peak intensities for the
individual carbons of the blend samples, against 7, becomes
a straight line and from its slope the 'H T, value is
obtained. As a typical example, it is convenient to show the
semi-log plot of the peak intensity of the Ca carbon against
the spin-locking time 7 in the 'H T), experiments on

Table 4
Determined 'H Ty, values of PLA, PLIL and PLA/PLIL (50/50) blend
samples

Polypeptide samples 'H T} p (ms) Conformation

C=0 Ca CBp Cy Cb

PLA 27 27 26 a-Helix
PLA 21 19 20 B-Sheet
PLIL 11 11 11 12/11 11 B-Sheet
PLA/PLIL (50/50) 16 17 -? PLA a-helix
-2 17 19 PLA B-sheet

12 14 13 14/14 14  PLIL B-sheet

? Not determined because of the overlap of the minor peak with the major
peak.

homopolypeptides and their blend samples in Fig. 4(a—c), in
order to elucidate molecular motion as mentioned below.

(1) PLA/PLIL (50/50) blend sample. 1t is clear that there
are significant differences between the two slopes of the
semi-log plots for the Ca carbon of pure PLA with the a-
helix form and the Coa carbon of PLA in the a-helix form in
the PLA/PLIL (50/50) blend sample (Fig. 4(a)), and the
experimental error is within * 5%. From these plots, we can
obtain the 'H T, values of 27 and 17 ms for these samples,
respectively. Similarly, we can obtain the significant 'H T o
values for PLA and PLIL in the PLA/PLIL (50/50) samples.
All of the 'H T, values of PLA, PLV, and the PLA/PLIL
(50/50) samples are shown in Table 4. The 'H T, values for
the C@3 and the C=O0 carbons of the PLA/PLIL (50/50) blend
indicated by a, could not be determined because of the
overlap of the minor C3 (PLA: a-helix) peak with the major
Cvy (PLIL) peak and the minor C=0O (PLA: B-sheet) peak
with the major C=0O (PLIL) peak as determined by
computer-fitting.

The 'H T, values determined from the Ca, C and C=0
carbon signals of pure PLA in the a-helix form are 27, 26
and 27 ms, respectively, and those of the PLA (mixture of
the B-sheet and a-helix forms, 1:1) with the (3-sheet form
are 19, 20 and 21 ms, respectively. On the other hand, the 'H
T, values determined from the Ca CB, Cvy, Cd and C=0O
carbons of pure PLIL in the B-sheet form are 11, 11, 12/11,
11 and 11 ms, respectively. The 'H T, values for PLA in
the B-sheet form are larger than those for PLIL in the
B-sheet form. However, the 'H T} p values for PLA in the
a-helix form are much larger than those for PLA and PLIL
in the -sheet form. In PLA/PLIL (50/50) blend, the '"H T,
values determined from the Ca, C3, Cy and C8 carbons of
PLIL in the B-sheet form are 14, 13, 14/14 and 14 ms,
respectively, and are thus slightly larger than those for pure
PLIL. The 'H T| p values determined from the Ca and CB
carbons of PLA in the B-sheet form are 17 and 19 ms,
respectively, and the Ca carbon of PLA in the a-helix form
is 17 ms. Hence, these q T, values are very close to each
other. This shows that proton spin-diffusion between the
PLAs in the a-helix and B-sheet forms and PLIL in the -
sheet form occurs on the 'H T} p time scale.
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Table 5
Determined 'H T, values of PG, PLV and PG/PLV (50/50) blend samples

Polypeptide samples 'HT, p (ms) Conformation
C=0 Ca CB Cy

PG 17 18 3,-Helix

PG 13 13 B-Sheet

PLV 19 19 18 18 B-Sheet

PG/PLV (50/50) =4 15 PG 3;-helix
16 16 PG B-sheet
13 14 14 12 PLV B-sheet

# Not determined because of the overlap of the minor peak with the major
peak.

(2) PG/PLV (50/50) blend sample. From Fig. 4(b), it can
be obtained that the Ca carbon of pure PG in the (3-sheet
form and the Ca carbon of PG in the 3-sheet form in the PG/
PLV (50/50) blend sample are 13 and 16 ms, respectively.
Similarly, we can obtain the significant 'H T, values for PG
and PLV in the PG/PLV (50/50) sample. All of the
determined 'H T, values of PGs, PLV and PG/PLV (50/
50) samples are shown in Table 5, where the 'H T, value
for the C=O carbon of PG/PLV (50/50) indicated by a could
not be determined because of the overlap of the minor C=0
(PG: 3;-helix) peak with the major C=0O (PLV: B-sheet)
peak as determined by computer-fitting.

The 'H T, » values determined from the Ca and C=0
carbon signals of pure PG in the 3-sheet form are 13 and
13 ms, respectively, and those for pure PG in the 3;-helix
form are 18 and 17 ms, respectively. On the other hand, the
'H T, values determined from the Ca, CB, Cy and C=0
carbons of pure PLV in the 3-sheet form are 19, 18, 18 and
19 ms, respectively. The 'H T} p values for PG in the 3;-helix
form are larger than those of PG in the (3-sheet form, and are
somewhat smaller than those of PLV in the (3-sheet form. In
the PG/PLV (50/50) blend, the 'H Ty, values determined
from the Cae C3 and Cry carbons of PLV in the 8-sheet form
are 14, 14 and 12 ms, respectively, and are smaller than
those for pure PLV. The 'H T} » value determined from the
Ca carbon of PG in the 3;-helix form is 15 ms, and that from

Table 6
Determined 'H T » values of PDA, PLV and PDA/PLV (50/50) blend
samples

Polypeptide samples 'H T, p (ms) Conformation

C=0 Ca CBp Cy

PDA 26 25 26 a-Helix
PLA® 21 19 20 B-Sheet
PLV 19 19 18 18 B-Sheet
PDA/PLV (50/50) 17 20 19 PDA a-helix
_b 18 17 PDA B-sheet
18 16 16 16 PLV B-sheet

* As the 'H T, values of PDA B-sheet form have not been reported, the
HT o values of PLA B-sheet form have been shown instead of PDA.

® Not determined because of the overlap of the minor peak with the major
peak.

the Ca carbon of PG in the B-sheet form is 16 ms. These
values are approximately equal to each other. This shows
that proton spin-diffusion, between the PGs in the 3;-helix
and 3-sheet forms and PLV in the (-sheet form, occurs on
the 'H T, time scale.

(3) PDA/PLV (50/50) blend sample. As shown in Fig.
4(c), it is clear that there are significant differences between
the two slopes of the semi-log plots for the Ca carbon of
pure PDA in the a-helix form and the Ca carbon of PDA in
the a-helix form in the PDA/PLV (50/50) blend. From these
slopes, we can obtain the 'H T, values of 25 and 20 ms for
them, respectively. Similarly, we can obtain the significant
'H T), values for PDA and PLV in the PDA/PLV (50/50)
samples. All of the determined 'H T, p values of the PDA,
PLV, and PDA/PLV (50/50) samples are shown in Table 6,
where the 'H T, o value of the C=0 carbon of PDA/PLV (50/
50) indicated by b could not be determined because of the
overlap of the minor C=0 (PDA: B-sheet) peak with the
major C=0 (PLV) peak as determined by computer-fitting.
The 'H T, p values of the PDA -sheet form are not known.
However, the '"H T} p values of the PLA B-sheet form may be
the same as those of PDA.

The '"H T, p values determined from the Ca, C and C=0
carbon signals of pure PDA in the a-helix form are 25, 26
and 26 ms, respectively, and those of the PLA (mixture of
the (3-sheet and a-helix forms, 1:1) in the B-sheet form are
19, 20 and 21 ms, respectively. On the other hand, the 'H
T), values determined from the Ca, CB, Cy and C=O
carbons of pure PLV in the 3-sheet form are 19, 18, 18 and
19 ms, respectively. The 'H T} o values for PLV with the -
sheet form and PLA in the [3-sheet form are very close to
each other. However, the 'H T, values for PDA in the a-
helix form are larger than those for PLA and PLV in the (3-
sheet form. In the PDA/PLV (50/50) blend, the 'H T,
values determined from the Ca, C@ and C+y carbons of PLV
in the B-sheet form are 16, 16 and 16 ms, respectively, and
are thus slightly smaller than those for pure PLV. The 'H T} o
values determined from the Ca and CB carbons of PDA in
the a-helix form are 20 and 19 ms, respectively, and for the
Ca and C carbons of PDA in the (3-sheet form they are 18
and 17 ms, respectively. These 'H T} p values are approxi-
mately equal to each other. This shows that proton spin-
diffusion between the PDAs in the a-helix and B-sheet
forms and PLV in the B-sheet form occurs on the 'H T,
time scale.

The maximum effective diffusion distance was obtained
from these 'H T, values. The maximum effective diffusion
distance L of the proton spin-diffusion, Dy, is expressed
by the following equation [24]

L= (6Dyn))" (1)

where Dg;, is the spin-diffusion coefficient and in this work
'H Ty, is used for t. Although the value of Dy, may
somewhat depend on the different proton densities in the
blend systems, the average Dy, has been used in analysis of
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Table 7

Averaged 'H T, p» values and L of polypeptide blend samples

Blend samples 'HT, p (ms)* L (nm)
PLA/PLIL (50/50) 16 3.1
PG/PLV (50/50) 15 3.0
PDA/PLV (50/50) 18 33

AT » value averaged over all of the protons.

polymer blend systems. In general, in the T, experiments
on polymer blends the 10~ '? cm%/s as the averaged value
has been used for determining qualitatively or semi-
quantitatively the domain size of the blend systems [24].
By substituting the 'H T} » values averaged over all of the
protons for PLA/PLIL (50/50), PG/PLV (50/50) and the
PDA/PLV (50/50) blend samples into Eq. (1), we can
approximately estimate L to be about 3 nm as the domain
size (Table 7). This shows that the domain size of the
individual polypeptides in the blend is not so large, and they
are miscible at the molecular level. It can be said that this
equation should be used for qualitative or semi-quantitative
discussion of the miscibility of polymer blends as suggested
by many reports [24].

We note that PLA with the [-sheet form in the
PLA/PLIL blends is incorporated into PLIL in the B-sheet
form and then takes the 3-sheet form by forming hydrogen
bonds with PLIL. However, the other component of PLA
takes the a-helix form. In addition, proton spin-diffusion
between the PLAs in the o-helix and (-sheet forms and
PLIL in the B-sheet form occurs on the 'H T p time scale
and so PLA and PLIL are miscible at the molecular level
with a domain size of about 3 nm. The other two kinds of
PG/PLV and PDA/PLV blend samples, are miscible at the
molecular level with a domain size of about 3 nm.

Finally, we observe that the polypeptides (PLA, PG and
PDA) in the B-sheet form in the blend samples are
incorporated into the polypeptides (PLIL and PLV) in the
[B-sheet form and then takes the (3-sheet form by forming
hydrogen bonds with the 3-sheet form polypeptides (PLIL
and PLV). In addition, proton spin-diffusion between the
polypeptides (PLA, PG and PDA) in the a-helix, 3;-helix
and B-sheet forms and another component of the polypep-
tides (PLIL and PLV) in the B-sheet form occurs on the '"H
T, time scale and so blend samples are miscible at the
molecular level with a domain size of about 3 nm.
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