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ABSTRACT: The relationship between the amide proton chemical shift and the conformation of
homopolypeptides in the solid state was studied using the *H combined rotation and multiple pulse
spectroscopy (CRAMPS) NMR method. The main-chain amide proton signals are considerably broad
due to the residual dipolar couplings between the quadrupolar *N nucleus and amide proton relative to
other proton signals of solid polypeptides. We have prepared fully ®N-labeled (99 at. %) poly(L-alanines)
([Ala*],) and poly(L-leucines) ([Leu*],), adopting an a-helix or 3-sheet form to eliminate the effect of the
quadrupolar **N nuclei, and then measured their '"H CRAMPS NMR spectra by increasing the magic-
angle spinning speed. Thus, the ®NH proton chemical shifts of [Ala*], and [Leu*], were successfully
determined to be 8.0—8.1 ppm (a-helix) and 8.6—9.1 ppm (S-sheet). Accordingly, it became apparent
that the amide proton chemical shifts are sensitive to the conformation of solid polypeptides.

Introduction

High-resolution and solid-state NMR spectroscopies,
especially for the H, 13C, and >N nuclei, are very useful
in the structural analysis of polypeptides and proteins
in the solid state.1=12 In our previous papers,>%8-12 jt
has been demonstrated that the >N chemical shifts of
amide nitrogens in solid polypeptides are related to the
main-chain conformation, the neighboring amino acid
sequence, and the nature of side chains of the individual
amino acid residues, whereas the 13C chemical shift of
main-chain carbonyl carbons mainly depends on the
conformation. Furthermore, we have very recently
found that the 'H chemical shift of the H, signal from
the methine protons, which was determined successfully
by the 'H CRAMPS (combined rotation and multiple
pulse spectroscopy) method,! is very useful for confor-
mational analysis of polypeptides in the solid state.

The 'H CRAMPS method!3-1° has many advantages
in comparison with the 13C (and 1°N) CP-MAS (cross
polarization—magic angle spinning) NMR methods: (1)
it requires much smaller amounts of sample (10—15 mg
or Y/5oth of that of the 13C NMR measurement), (2) the
measurement time may be about Y/soth (only 5 min) of
that of the 13C NMR, and (3) the essential information
on H nucleus can be obtained. However, the H
CRAMPS method has simultaneously some disadvan-
tages such as problems of line width broadening!* and
an unreliable chemical shift scale.’>17 The latter has
been now resolved by careful probe tuning and correc-
tion of drift using an internal standard, and therefore
the 'H chemical shift can be determined within an error
limit of £0.1 ppm in the important region (0—15 ppm)
for organic compounds.! In our previous paper,! it has

* Corresponding author. Tel & Fax: (+81)-277-301443. E-
mail: shoji@bce.gunma-u.ac.jp.

f Gunma University.

*JEOL Ltd.

10.1021/ma980020+ CCC: $15.00

been found that (1) the H, (methine proton) chemical
shift of solid polypeptides is conformation-dependent:
e.g., right-handed a-helix (o-helix) (3.9—4.0 ppm) and
antiparallel 5-sheet (5-sheet) forms (5.1—5.5 ppm), (2)
the Hg (methyl proton) is strongly affected by the
chemical structure of the individual amino acid residue,
but it is almost insensitive to the main-chain conforma-
tion, and (3) the amide (NH) proton signal is very broad
and unclear.

Although the fact that the conformation of solid
polypeptides can be determined by the *H chemical shift
was an important discovery, the problem of the very
broad NH signal (which theoretically contains essential
information about hydrogen bonding) was still unsolved.
The amide proton signal broadening is due to the
residual dipolar couplings between the quadrupolar *N
nuclei and the amide protons. The 'H—“N dipolar
couplings cause an asymmetric doublet pattern that
highly disturbs the determination of the true amide
proton chemical shift value in the 'H NMR spectra.2°
Such a dipolar broadening is never observed in solution
NMR because the dipolar coupling is averaged out by
rapid molecular motion.

In this paper, therefore, two approaches have been
performed to get a sharp amide proton signal. First,
we have used the fully ®N-labeled (99 at. %) polypep-
tides such as poly(L-alanine) ([Ala*],) and poly(L-leucine)
([Leu*],), to eliminate the effects of the quadrupolar 1*N
nuclei. Second, we have measured their *H CRAMPS
NMR spectra at two distinct spinning speeds (2.0 and
3.5 kHz), to reduce the magnitude of the dipolar
broadening between the N nuclei and the amide
protons.

Using these techniques, we have been able to deter-
mine exactly the amide proton chemical shifts of solid
polypeptides adopting the a-helix and g-sheet forms for
[Ala*], and [Leu*],. We now report these values and
discuss the correlation between the amide proton chemi-

© 1998 American Chemical Society

Published on Web 10/02/1998



Macromolecules, Vol. 31, No. 21, 1998

Table 1. Synthetic Conditions, Conformational
Characteristics, and 'H Chemical Shifts of
Homopolypeptides

1H chemical shift, 6 (ppm)

H/gd
sample2  A/I° conformation® (+H,9) H,4 Het NHf
H-[Ala]s- pB-sheet 1.2 5.0
NHBu

[Alala-5  (65) a-helix 14 3.9

[Ala*],-1 4 f-sheet 1.2 5.2 8.6
[Ala*]-2 100 a-helix 1.4 4.0 8.0
[Leu]n-1 5 [-sheet? 0.9 15 55

[Leuln-2 100 a-helix 08 17 40

[Leu*]n-1 5 p-sheet 0.9 1.6 54(4.0) 9.1(8.2)

(+ o-helix)
[Leu*]n-2 100 a-helix 08 16 40 8.1

a Abbreviations: Ala, L-alanine; Ala*, 1°N-labeled L-alanine;
Leu, L-leucine; Leu*, 15N-labeled L-leucine; NHBu, n-butylamide;
a-helix, right-handed a-helix; B-sheet, antiparallel S-sheet. ® The
molar ratio of the monomer (A) to the initiator (I), which corre-
sponds to the theoretical number-averaged degree of polymeriza-
tion. ¢ Conformations of the samples determined by the 13C and
15N CP-MAS NMR, IR, and far-IR spectroscopic methods. 9 Side-
chain protons (Hg, H,, and Hy). ¢ a-Methine proton. f Amide proton
measured using the MREV-8 pulse sequence at 3.5 kHz MAS
speed. 9 Containing a small amount of a-helix.

cal shifts and the conformation (including hydrogen
bonding) of polypeptides in the solid state.

Experimental Section

Materials. The L-alanine pentapeptide n-butylamide,
H-[Ala]ls-NHBu, was synthesized by the activated ester
method??2 and other polypeptide samples of natural abun-
dance, [Ala]n-5, [Leu]n-1, and [Leu],-2, were synthesized by the
N-carboxy a-amino acid anhydride (NCA) method?2* in our
laboratory. The fully >N-labeled homopolypeptides such as
[Ala*], (99 at. % of *N purity; MASSTRACE, Inc.) and [Leu*],
(99 at. % of N purity; MASSTRACE, Inc.), which show
characteristic differences in conformation such as the a-helix
and f-sheet forms, were prepared by the heterogeneous
polymerization of the corresponding NCAs in acetonitrile with
n-butylamine as an initiator.?*?* Conformational character-
ization of these samples was made on the basis of the
conformation-dependent *C and **N chemical shifts deter-
mined from the CP-MAS NMR methods,>%8-1! and from the
characteristic bands in the IR and far-IR spectra.?>?¢ Syn-
thetic conditions and conformational characteristics of these
samples are summarized in Table 1, together with the 'H
chemical shift data.

'H CRAMPS NMR Measurements. The solid-state ‘H
CRAMPS NMR measurements were performed on a Chemag-
netics CMX 300 spectrometer operating at 300 MHz, equipped
with a5 mm CRAMPS probe. Silicon-rubber (6 0.12) relative
to tetramethylsilane (CH3)4Si (60 0) was used as an internal
standard. The *H CRAMPS NMR spectra were recorded first
without an internal standard and then calibrated afterward
with an internal silicon-rubber. Thus, experimental errors of
the 'H chemical shifts are estimated to be less than +0.1 ppm
(0—15 ppm). The BR-24 and MREV-8 pulse sequences?’:28
were used. The radio frequency (RF) powers and windows of
duration (7) of these pulse sequences were adjusted so as to
obtain the best resolution for adipic acid.

BR-24 Pulse Sequence. The 90° pulse width was 1.3 us
for the BR-24 pulse sequence. The cycle time of the BR-24
was 108 us, corresponding to a v of 3 us. The rotational
frequency of MAS was controlled at 2.0 kHz. The *H chemical
shift was calculated with the scaling factor 0.40 for all samples,
which was determined experimentally.

MREV-8 Pulse Sequence. The 90° pulse width was 1.1
us for the MREV-8. The cycle time of MREV-8 was 28.8 us,
corresponding to a 7 of 2.4 us. The rotational frequency was

1H CRAMPS NMR Study of Polypeptides. 2 7399

AN
(D)

I T T T T
15 10 5 0
ppm

Figure 1. 300 MHz 'H CRAMPS NMR spectra of a-helical
and f-sheet poly(L-alanines) using the BR-24 pulse sequence
at 2.0 kHz MAS speed: (A) [Ala],-5 (average degree of
polymerization (DPn) = 65; natural abundance of *N; o-helix);
(B) fully ®N-labeled [Ala*]-2 (molar ratio of the monomer to
initiator (A/1) = 100; 99 at. % purity of >N; a-helix); (C)
H-[Ala]s-NHBu (natural abundance of *°N; -sheet); (D) fully
5N-labeled [Ala*],-1 (A/l = 4; 99 at. % purity of °N; S-sheet)
in the solid state. Peak assignment: NH, 8.0—8.9 ppm; H,
3.9-5.2 ppm, Hg; 1.2—1.4 ppm. Note: —N—CH,— peak (3.2—
3.5 ppm) of n-butylamide group in spectra C and D, and
artifact ({ sign) (5.7 ppm) in spectra A and D.

controlled at 3.5 kHz. The 'H chemical shift was calculated
with the scaling factor 0.53 for all samples, which was
determined experimentally. The carrier frequency was se-
lected carefully in order to avoid carrier noise overlapping with
the peaks from samples. Under these conditions, the resolu-
tion of adipic acid was retained up to 3.5 kHz of rotational
frequency.

Results and Discussion

Observation of the ®>NH Proton Signal of °N-
Labeled Poly(L-alanines). Figure 1 shows the 300
MHz 'H CRAMPS NMR spectra of poly(L-alanines) in
the a-helical and -sheet forms using the BR-24 pulse
sequence at 2.0 kHz MAS speed: (A) [Ala],-5 (natural
abundance of *N, a-helix form), (B) [Ala*],-2 (99 at. %
purity of N, a-helix), (C) H-[Alals-NHBu (natural
abundance of 1°N, -sheet), and (D) [Ala*],-1 (99 at. %
purity of N, S-sheet) in the solid state. The 'H
CRAMPS NMR spectra showed high-resolution proton
signals separated into the three regions (NH, H,, and
Hp) for poly(L-alanines). The conformational character-
ization of [Ala]n-5 (a-helix), [Ala*]s-2 (o-helix), H-[Ala]s-
NHBu ($-sheet), and [Ala*],-1 (3-sheet form containing
a small amount of a-helix) was confirmed by the H,
chemical shifts (a-helix, 3.9 ppm; S-sheet, 5.1 ppm),*
which were in good agreement with the results obtained
from the 13C and >N CP-MAS NMR, IR, and far-IR
spectra. The additional peaks around 3.2—3.5 ppm in
spectra C and D and the small peak at 5.7 ppm in
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spectra A and D were assigned to the —N—CH,— peak
of the n-butylamide (—NHBuU) group and an artifact,
respectively.

It is noteworthy that the line shape of the NH proton
signal of [Ala*],-2 (a-helix) and [Ala*],-1 (5-sheet), in
which the quadrupolar effect is absent, exhibits a
normal symmetric singlet pattern. By contrast, the line
shape of the NH signal of [Ala],-5 (a-helix) and
H-[Ala]s-NHBu (5-sheet) exhibits different kinds of
asymmetric doublet patterns, which are attributable to
the quadrupolar effect. The ®NH proton signal of
[Ala*],-2 was somewhat sharp compared to the *NH
signal of [Ala],-5. The half-width of the >NH signal
of the a-helical ®*N-labeled poly(L-alanine) ([Ala*],-2:
1.3 ppm) is smaller than that of the “NH signal of the
sample of natural abundance ([Ala],-5: 2.3 ppm), as
Figure 1A,B shows. Thus, it is clear that the quadru-
polar N nuclei are responsible for the signal broaden-
ing, and the asymmetric line shape of the amide proton
peak, aside from the 1°NH signal, is still broad relative
to the Hy and Hg signals. From the *H CRAMPS NMR
spectra of a-helical >N-labeled poly(L-alanine), the true
I5NH chemical shift (0 8.0) was determined, whereas
the *NH chemical shift of [Ala],-5 could not be deter-
mined because of the quadrupolar splitting. Thus, it
was shown that the determination of the true amide
proton chemical shift of a-helical poly(L-alanine) can be
achieved by replacement of the quadrupolar N nuclei
by the *N nuclei.

Next, we have measured the poly(L-alanine) samples
by adopting the f-sheet form, to determine the NH
proton chemical shifts characteristic of the j-sheet
conformation and to check the effect of conformation on
the NH proton signal broadening and the line shape.
As shown in Figure 1C,D, the half-widths of the NH
proton signals of H-[Ala]s-NHBu and [Ala*].-1 were 2.4
and 1.5 ppm, respectively, which are similar to those of
o-helical poly(L-alanines). The *NH line shape of
H-[Ala]ls-NHBu exhibits a typical asymmetric doublet
pattern, however, which is quite different from that of
the a-helical poly(L-alanine). The true >NH chemical
shift could not be determined from the normal singlet
pattern of [Ala*],-1 because of the low S/N ratio, and
neither could the *NH chemical shift of H-[Ala]s-NHBu
be determined.

Thus, it was found that (1) the quadrupolar N nuclei
are responsible for the NH signal broadening and the
asymmetric line shape, (2) the asymmetric line shape
is different between the a-helix and -sheet conforma-
tions, and (3) the true >NH proton chemical shift of
a-helical [Ala*],-2 was 8.0 ppm but that of [Ala*],-1 was
difficult to determine because of the low S/N ratio.

Observation of the >NH Proton Signal of 1°N-
Labeled Poly(L-leucines). Figure 2 shows the 300
MHz 'H CRAMPS NMR spectra of a-helical and 3-sheet
poly(L-leucines) using the BR-24 pulse sequence at 2.0
kHz MAS speed: (A) [Leu],-2 (natural abundance,
a-helix), (B) [Leu*]n-2 (99 at. % N, a-helix), (C) [Leu]n-
1 (natural abundance, -sheet), and (D) [Leu*],-1 (99
at. % 15N, S-sheet + a-helix) in the solid state. The 'H
CRAMPS NMR spectra show high-resolution proton
signals (NH, H,, and side chain protons) of poly(L-
leucines). The o-helical conformation of [Leu],-2 and
[Leu*]n-2 and the S-sheet conformation of [Leu],-1 and
[Leu*]n-1 can be confirmed independently by the H,
chemical shift values (a-helix, 4.0 ppm; g-sheet, 5.5
ppm).t The peaks around 4.0 ppm in spectra C and D
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Figure 2. 300 MHz *H CRAMPS NMR spectra of a-helical
and f-sheet poly(L-leucines) using the BR-24 pulse sequence
at 2.0 kHz MAS speed: (A) [Leu].-2 (A/l = 100; natural
abundance of *N; a-helix); (B) fully *°*N-labeled [Leu*],-2 (A/l
= 100; 99 at. % purity of °N; a-helix); (C) [Leu].-1 (A/I = 5;
natural abundance of ®N; fS-sheet); (D) fully *N-labeled
[Leu*]n-1 (A/l = 5; 99 at. % purity of °*N; S-sheet + a-helix) in
the solid state. Peak assignment: NH, 8.2—9.1 ppm; H,, 4.0—
5.5 ppm; Hz and H,, 0.8—0.9 ppm; H,, 1.5—1.7 ppm. Note:
artifact () (1.3 ppm in (A), 5.6 ppm in (B), and 6.1 ppm in
(D).

indicate that these samples contain the a-helix compo-
nent, which was confirmed by the IR and 13C CP/MAS
measurements. Also, the small peak around 1.3 ppm
in spectrum A, 5.6 ppm in spectrum B, or 6.1 ppm in
spectrum D is an artifact.

The ®NH proton signal of a-helical [Leu*],-2 (B), in
which the quadrupolar effect is absent, was somewhat
sharper as compared to the 1*NH signal of the a-helical
[Leu]n-2 (A). The half-widths of the NH signal of [Leu],-
2 and [Leu*],-2 were 1.8 and 1.3 ppm, respectively,
which are nearly the same as those of poly(L-alanines).
However, the relative intensity of the ®NH signal of
[Leu*]n-2 is weaker than that of [Ala*],-2, which is
related to the ratio of the number of the amide proton
to the side chain protons. The line shape of the ®NH
signal of [Leu*],-2 exhibits an isotropic singlet pattern,
whereas that of the 1“NH signal of [Leu],-2 is broad and
unclear (probably an asymmetric doublet), as shown in
Figure 2A. Thus the true >NH chemical shift of
[Leu*]n-2 could not be determined from the spectrum
because of the low S/N ratio, and neither could the
14NH chemical shift of [Leu],-2.

Next, we discuss the -sheet poly(L-leucine). The half-
widths of the NH signals for f-sheet poly(L-leucines)
could not be determined. The two ®NH signals of
[Leu*]n-1 are assigned to the S-sheet and a-helix forms.
It was impossible to determine the true >NH chemical
shift due to the very poor signal resolution. Thus, it
may be concluded that (1) the quadrupolar **N nuclei
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Figure 3. 300 MHz '*H CRAMPS NMR spectra of a-helical
and S-sheet poly(L-alanines) using the MREV-8 pulse sequence
at 3.5 kHz MAS speed: (A) [Ala]n-5 (a-helix); (B) *N-labeled
[Ala*]s-2 (a-helix); (C) H-[Ala]ls—NHBu (3-sheet); (D) **N-
labeled [Ala*],-1 (B-sheet) in the solid state. Peak assign-
ment: NH, 8.6 ppm (5-sheet) and 8.0 ppm (a-helix); Hq, 5.0—
5.2 ppm (B-sheet) and 3.9—4.2 ppm (a-helix); Hg, 1.2 ppm (-
sheet) and 1.4 ppm (o-helix). Note: The additional peaks
around 4.0—5.0 ppm in spectra A and B were assigned to
career noise.

clearly contribute to the NH signal broadening and the
asymmetric line shape, (2) the true *>°NH chemical shifts
of poly(L-leucines) could not be determined because of
the very low S/N ratio. The main cause of the °NH
proton signal broadening for the fully 5N-labeled
polypeptides is due to the 1>N—H dipolar interaction,
which will be discussed in the next section.

MAS Speed Dependency on the Amide Proton
Signal Broadening. If the >N—!H heteronuclear
dipole interaction is the main reason for the >NH signal
broadening, it is possible to obtain sharper NH peaks
by faster MAS measurement. To confirm the dipolar
interaction as the major contribution to signal broaden-
ing, we have measured the 'TH CRAMPS NMR of the
fully 15N-labeled polypeptides by increasing MAS speed.
The best spectral resolution has been empirically ob-
tained for the BR-24 pulse sequence* (MAS frequency
of 1.5—2.0 kHz). However, this frequency is too slow
to obtain sharper NH signals. A different pulse se-
quence is needed to allow the raising of the MAS
frequency to more than 2.0 kHz, because both averaging
techniques (MAS and multipulse averaging) interfere
with each other and lead to a degradation in resolu-
tion.?® Therefore, we have measured the 300 MHz 1H
CRAMPS NMR spectra of the fully 15N-labeled polypep-
tides using the MREV-8 pulse sequence under the faster
MAS speed of 3.5 kHz, which gave the best spectral
resolution. It is known that the 'H CRAMPS spectra
above 4.0 kHz with the MREV-8 pulse sequence give
spectra with poorer resolution than spectra at 3.5 kHz.

1H CRAMPS NMR Study of Polypeptides. 2 7401
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Figure 4. 300 MHz 'H CRAMPS NMR spectra of a-helical
and S-sheet poly(L-leucines) using the MREV-8 pulse sequence
at 3.5 kHz MAS speed: (A) [Leu]n-2 (a-helix); (B) *>N-labeled
[Leu*]n-2 (a-helix); (C) **N-labeled [Leu*],-1 (3-sheet + a-helix)
in the solid state. Peak assignment: NH, 9.1 ppm (3-sheet)
and 8.1—8.2 ppm (a-helix); Hq, 5.4 ppm (8-sheet) and 4.0 ppm
(o-helix); Hz and H,, 0.8—0.9 ppm; H,, 1.5-1.7 ppm. The
additional peaks around 4.0—5.0 ppm in spectra A and B were
assigned to career noise.

Figure 3 shows the 300 MHz 'H CRAMPS NMR
spectra of poly(L-alanines) in the a-helical and -sheet
forms using the MREV-8 pulse sequence at 3.5 kHz
MAS speed: (A) [Ala],-5, (B) [Ala*]x-2, (C) H-[Ala]s-
NHBu, and (D) [Ala*],-1 in the solid state. The ad-
ditional peaks around 4.0—5.0 ppm in spectra A and B
were assigned to career noise.

The intensity of the NH proton signals of poly(L-
alanine) were increased by measuring with the MREV-8
pulse sequence at faster MAS speed (3.5 kHz). From
the 'H CRAMPS NMR spectra, therefore, we could
successfully determine the ®>NH chemical shift value
for [Ala*]n-2 (a-helix, ¢ 8.0), which is identical to the
values determined with BR-24 (2.0 kHz). Further, we
could determine the 1>NH chemical shift for [Ala*],-1
(B-sheet, 6 8.6) using the MREV-8 pulse sequence at 3.5
kHz MAS speed. In contrast, the 1*NH chemical shift
values for [Ala],-2 and [Ala]s-1 were not determined
because the line shapes of the *NH signals exhibit an
asymmetric doublet pattern. Thus, it was found that
the determination of the true NH chemical shift of poly-
(L-alanines) can be achieved to measure the fully >N-
labeled samples under faster MAS speed (3.5 kHz) and
that these chemical shifts depend on conformation (o.-
helix, 0 8.0; g-sheet, 6 8.6). This is the first determi-
nation of the true NH proton chemical shifts of poly(L-
alanines) by the 1H CRAMPS NMR.

Figure 4 shows the 300 MHz 'H CRAMPS NMR
spectra of poly(L-leucines) in the a-helical and -sheet
forms using the MREV-8 pulse sequence at 3.5 kHz
MAS speed: (A) [Leu]n-2, (B) [Leu*]n-2, and (C) [Leu*]n-
1 in the solid state. The additional peaks around 4.0—
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5.0 ppm in spectra A and B were assigned to career
noise.

The intensity of the NH proton signals of poly(L-
leucines) were increased by measuring with the MREV-8
pulse sequence at faster MAS condition (3.5 kHz). From
the IH CRAMPS NMR spectra, therefore, we could
successfully determine the >NH chemical shift value
for [Leu*]n-2 (a-helix, 6 8.1) and for [Leu*]s-1 (5-sheet,
0 9.1; a-helix, 6 8.2). However, the *“NH chemical shift
values for [Leu],-2 were not determined. Thus, it was
found that the determination of the true NH chemical
shift of poly(L-leucines) can be achieved by measuring
of the fully 5N-labeled samples under faster MAS
condition (3.5 kHz), and that these chemical shifts
depend on conformation (a-helix, 6 8.1—8.2; -sheet, ¢
9.1).

Therefore, it was concluded that the 'H CRAMPS
method, which combined the relatively fast MAS (3.5
kHz) with MREV-8 pulse spectroscopy is very useful for
the determination of the 1>NH chemical shift of solid
polypeptides.

Correlation between the Amide Proton Chemi-
cal Shift and Main-Chain Conformation. We could
determine the NH proton chemical shifts of the fully
15N-labeled polypeptides under relatively fast MAS
conditions with the MREV-8 pulse sequence. The NH
chemical shifts of the fully >N-labeled homopolypep-
tides determined with the MREV-8 pulse sequence
under faster MAS conditions are summarized in Table
1. It was found that the true *®NH chemical shifts of
the fully > N-labeled polypeptides are conformation-
dependent: [Ala*],-2 (a-helix, 8.0 ppm); [Leu*]n-2 (a-
helix, 8.1 ppm); [Ala*],-1 (B-sheet, 8.6 ppm); [Leu*],-1
(B-sheet, 9.1 ppm; a-helix, 8.2 ppm). Thus, the °NH
chemical shifts of poly(L-alanines) and poly(L-leucines)
adopting the a-helix form appear upfield by 0.6—1.0
ppm compared with those of the S-sheet ones, and it is
now possible to distinguish the o-helix and S-sheet
conformations readily from their 1>°NH chemical shifts.
The above NH chemical shift differences between the
o-helix and g-sheet forms seem to be related to the
hydrogen bond lengths other than their conformations.
According to the X-ray diffraction studies of poly(L-
alanines) by Arnott et al.,3%3! the distance between the
nitrogen and oxygen atoms is 2.83 and 2.87 A for the
pB-sheet and a-helical forms, respectively. Accordingly,
the NH proton chemical shifts of [Ala*],-1 (8-sheet:
hydrogen bond distance 2.83 A) appear downfield in
comparison with that of [Ala*],-2 (a-helix: hydrogen
bond distance 2.87 A), which is qualitatively acceptable.

Next, we compared our results of polypeptides in the
solid state to solution state NMR measurements,3?-34
attention being given to the dependence of the amide
proton chemical shifts on conformation. As a result, we
found that (1) the amide proton chemical shifts of the
a-helical polypeptides in the solid state (8.0—8.2 ppm
from TMS) are identical with those in solution3? (7.96—
8.04 ppm from DSS) and (2) the amide proton chemical
shifts of the 5-sheet polypeptides in the solid state (8.6—
9.1 ppm from TMS) are, on the contrary, 0.1—0.6 ppm
downfield from those in solution3? (8.44—8.52 ppm from
DSS). These results are very similar to the H, chemical
shift displacements for poly(L-alanines) and poly(L-
leucines):* (1) the H, chemical shifts of a-helical polypep-
tides in the solid state (3.9—4.0 ppm from TMS) are
identical with those in solution®? (3.94—3.95 ppm from
DSS), and (2) the H, chemical shifts of 5-sheet polypep-
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tides in the solid state (5.1—5.5 ppm from TMS) are 0.4—
0.8 ppm downfield from those in solution (4.70—4.71
ppm from DSS). This is a very interesting finding and
the main reason of these chemical shift difference can
be explained by a solvent effect in solution.

Conclusion

In this study, we have synthesized and measured the
fully >N-labeled poly(L-alanines) (a-helix and S-sheet
forms) and poly(L-leucines) (a-helix and g-sheet), to
eliminate the *N quadrupole effect. As a result, we
have first determined the 1>NH chemical shifts of the
fully 15N-labeled polypeptides in the solid state by H
CRAMPS NMR using the MREV-8 pulse sequence at
3.5 kHz MAS speed. The true NH chemical shifts of
the fully >N-labeled polypeptides depend on the con-
formation and hydrogen bond lengths: o-helix (8.0—8.2
ppm) and j-sheet form (8.6—9.1 ppm). Accordingly, the
I5NH proton chemical shift is very useful for the studies
on the conformation and hydrogen bonds of polypeptides
in the solid state.
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