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ABSTRACT: The helical structure of oligoleucines containing an Aib residue was investigated by 'H NMR
spectroscopy using Me,SO-dg and CDCl; as solvents. From the temperature deperidence of the NH chemical
shifts of the peptides, the conformations of a series of the oligoleucines in Me,SO-dg have been shown to be
as follows: The peptides Boc-Aib-Leu,~OX (X = Bzl and H, » = 4 and 5) have an incipient 3,5-helical structure,
while Boc-Leu,-Aib-OH (n = 3 and 4) has a randomly coiled structure. The other peptides having the Aib
residue in the internal sequence appear to have a 3,¢- or an a-helical structure. From titration curves of the
amide NH chemical shifts and those of the coupling constants Jyy_cey of the Leu residues using the
CDCl3-Me,SO-dg solvent system, the conformations of a series of the oligoleucines in the solvent system have
been shown to be as follows: Boc-Aib-Leus~OH (3’) has a type III 3-turn structure, Boc-Aib-Leu;—OH (3)
has a 3,¢-helical structure, and Boc-Leu,-Aib-Leu,~OH (8') has an a-helical structure. The peptide Boc-
Leu,-Aib-Leu,~OH (9" has an a-helical structure over the peptide sequence for high concentrations of CDCl,
in the CDCl;-Me,SO-d, solvent system, but in high Me,SO-dg concentration, the a-helical structure is limited
in the peptide sequence from the Leu(2) CO to the C terminus. It has also been shown that the helical structures
are stable at the peptide sequences of the C-terminal side of the Aib residue and are loosened toward the
C terminus along the peptide sequences. The loosening of the helical structures also occurs froin the C terminus
with increasing the concentration of Me,;SO-d;. From the above results, it was concluded that the Aib residue
inserted into oligoleucines initiated 3,4- or a-helical folding by the hydrogen bonds of two carbonyl groups
on both sides of the Aib residue with Leu NH protons included in the peptide sequence of the C-terminal

side of the Aib residue.

Introduction

The conformational space of an Aib residue in peptides
is always severely restricted by steric hindrance, and the
backbone dihedral angles (¢ = £60 %+ 20°, ¢ = £30 & 20°)
of the Aib residue are mainly found in the region of the
conformational map that includes both the «-helix
(right-handed a-helix: ¢ = -57°, ¢ = —-47°) and the 3,
helix (right-handed 3, helix: ¢ = -60°, ¢ =-30°).2 In fact,
Aib-rich peptide fragments often found in membrane-
channel-forming polypeptides? are well recognized to have
3,0 and a-helixes, and the conformational preference of
linear Aib-rich peptides has been attributed to the re-
striction of the backbone dihedral angles ¢ and y of the
Aib residues. On the other hand, it has been reported that
oligoleucines Boc—-Leu,—OBzl (n = 6 and 9) have a S-sheet
structure in the solid state and are scarcely soluble or
absolutely insoluble in most organic solvents.* It has also
been reported that Boc-Leu,—~OMe has a 8-sheet structure
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in polar solvents.>® In our recent papers concerning the
strategy for solubility improvement of peptides,’! it was
demonstrated that by replacement of an Ala residue in
oligopeptides with an Aib residue the solubility of the
peptides was remarkably increased due to a 3-sheet —
helix conformational transformation and that these pep-
tides became readily soluble in the usual organic solvents.
The great ability of the Aib residue to promote helical
structures was further demonstrated by IR spectral con-
formational analysis in dichloromethane of oligoleucines
containing only one Aib residue. From these resuits, the
restriction of the values of the backbone dihedral angles
¢ and ¢ of an amino acid residue to those of the helical
regions was suggested to be one of the important initiation
mechanisms of helical folding in natural proteins.2 We also
expected that this novel strategy for solubility improve-
ment give a breakthrough in creating proteins with novel
properties that could not be achieved by genetic engi-
neering technology.”® Therefore, investigation of the he-
lix-promoting properties of the Aib residue is very im-
portant.

© 1987 American Chemical Society
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This report studies the conformation of oligoleucines
containing one Aib residue by 'H NMR. The peptides
used are as follows: Boc-Leu,~OBzl (1), Boc-Leu;~OBzl
(2), Boc-Aib-Leuy—0Bzl (3), Boc-Aib-Leus—OH (3'), Boc-
Aib-Leu,~OBzl (4), Boc-Aib-Leu,—~OH (4’), Boc-Aib-
Leus—0OBzl (5), Boc-Aib-Leus~OH (5°), Boc-Leu-Aib-
Leu,~OBzl (6), Boc-Leu-Aib-Leu,~OH (7’), Boc-Leu,-
Aib-Leu,~OBzl (8), Boc-Leus-Aib-Leu,~OH (8’), Boc-
Leu,-Aib-Leu,—OH (9’), Boc-Leus-Aib—OH (10/), and
Boc-Leu,-Aib—OH (117). At first, the occurrence of inci-
pient helical structures in a highly polar solvent, Me,SO-d;,
is investigated from the temperature dependence of the
NH chemical shifts of these peptides. The investigation
of the incipient helical structures by 'H NMR would give
useful information for the initiation mechanism of helical
structures promoted by the Aib residue and elucidates the
effect of the position of an Aib residue in a peptide se-
quence on the ability to promote helical folding. In sol-
vents with lower polarity, the incipient helical structure
is expected to be more stable than in a highly polar solvent
such as Me,SO. Then, titration curves of the NH chemical
shifts and those of the coupling constants Jyy_ce of the
oligoleucines 3’, 5, 8, and 9 are obtained by using the
CDCl;-Me,S0-dg solvent system to elucidate the degree
of shielding of the amide NH protons of these peptides
from solvation and to get information about the stability
of the helical structures of the peptides. The type of helical
structure, a 3, or an a-helix, is also discussed from the 'H
NMR data.

Experimental Section

Materials. The syntheses and physical properties of the
peptides 1-5, 3, 4’, and 9-11’ have been reported previously.”#1°
The peptides 6-8 were obtained by the method described pre-
viously,”!? from Boc-Leu,-Aib~OH (n = 1 or 2) and HCl-Leu,~
OBzl (n = 2 or 4) using N-methylmorpholine as an amine and
dicyclohexylcarbodiimide and 1-hydroxy-1H-benzotriazole as
coupling reagents. Found for 6: C, 64.86; H, 8.97; N, 8.90. Anal.
Caled for Cy4Hz60,Ny C, 64.53; H, 8.92; N, 8.85. Amino acid
analysis: Aib, 1.00; Leu, 2.93. Found for 7; C, 63.51; H, 9.12; N,
9.55. Anal. Caled for C;gHq30gNg!/,H,0: C, 63.61; H, 9.17; N,
9.68. Amino acid analysis: Aib, 0.97; Leu 5.00. Amino acid
analysis of 8: Aib, 0.87; Leu, 6.00.

The peptides 5, 7’ and 8’ were obtained from the peptides 5,
7, and 8, respectively, by hydrogenolysis using Pd/C as a catalyst.
Homogeneity of these peptides was ascertained by the fact that
each peptide had a single peak in HPLC. Found for 8: C, 60.23;
H, 948; N, 11.03. Anal. Calcd for C45H83010N7'H20: C, 60.04;
H, 9.52; N, 10.89.

The amino acid residues of the peptides were numbered from
the N terminus of the peptide chain so that, for example, the
amide proton of an N-terminal Leu residue is labeled Leu(1) NH
or merely NH 1 and the C* proton of the N-terminal Leu residue
Leu(1) C*H or merely C*H 1. Tetramethylsilane (Me,Si) from
Merck Co. and Me,S8O-dg (99.8%) and CDCl; (99.8%) from CEA
were used for '!H NMR measurements.

Measurements. 'H NMR spectra were obtained on a JEOL
FX 200 NMR spectrometer. Approximately 0.03 M solutions were
prepared for NMR measurements except for the experiments on
the concentration dependence of the NH chemical shifts. All the
variations of the NH chemical shifts with temperature change
were linear. Chemical shifts were recorded with Me,Si as an
internal reference.

Results and Discussion

IH NMR Spectra of the Peptides. The 'H NMR
spectra in the amide NH region of the peptides at 60 °C
are shown in Figure 1. The singlet peaks were assigned
to the NH peaks of the Aib residues, and the highest field
resonances were assigned to the NH protons of the N-
terminal amino acid residues blocked by the Boc group.!34
The peaks of the amide NH and C*H protons were as-
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Figure 1. Partial 'H NMR spectra of the peptides 1-11” in
Me,S0-dg at 60 °C together with their assignments (L, Leu; a,
Aib).

signed from both comparison of their chemical shifts
among these peptides and decoupling experiments as de-
scribed below.

The C-terminal Leu NH peaks of 3-5, 3’5/, 8, and &’
were assigned from the comparison of the NH chemical
shifts and their temperature dependences between the
C-terminal free and C-terminal blocked peptides having
the same peptide sequence. Namely, except for one peak,
the NH chemical shifts and their temperature dependences
scarcely changed regardless of the presence of the C-ter-
minal blocking benzyl group. The one remaining peak of
each C-terminal free peptide resonated at a lower field by
about 0.2 ppm than that of the corresponding peak of its
C-terminal blocked peptide. These pairs of peaks were also
shown to have similar temperature dependences. Thus,
the pairs of peaks were assigned to the NH protons of the
C-terminal Leu residues which would resonate at different
fields according to the type of C-terminal group. The NH
chemical shifts of the other amino acid residues and their
temperature dependences of the peptides with the same
peptide sequence were similar between corresponding
residues, suggesting that the peptides have essentially the
same conformation despite the C-terminal blocking group
in MeZSO.

The other NH peaks of the peptides were assigned from
decoupling experiments of the C*H peaks which, in turn,
were assigned as described below. The C°H peaks of the
Leu residues following an Aib residue were assigned by use
of the spectrum of 6. The peak centered at 3.81 ppm (at
30 °C) in the spectrum of 6 was assigned to the Leu(1) C*H
from the Leu(1) NH chemical shift and the decoupling
experiment. The peak centered at 4.30 ppm in the spec-
trum of 6 was assigned to the Leu(4) C*H from comparison
of the C*H chemical shift with those of the C-terminal Leu
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Table I
Temperattre Dependence of NH Chemical Shifts (X10° ppm/°C)
peptide NH1 NH2 NH3 NH¢ NH5 NH6 NH7 NHS8 NH9

1 7.4 3.5 4.4)° 6.0
2 6.8 (4.0 4.0 5.1)b 6.1
3 7.4¢ 5.1 3.1 5.1
3 7.2 5.2 2.5 6.6
4 7.1 5.3 2.2 3.9 4.8
4 6.9 5.5 24 3.5 4.6
5 7.0 5.6 2.9 3.4 3.8 5.2
5 7.0 6.0 3.2 3.8 3.3 5.3
6 7.5 59 3.0 3.4
7 8.1 6.8 3.5 2.6 1.7 3.6
8 7.2 5.2 4.7 3.1 2.4 1.9 3.7
4 6.8 4.2 4.1 3.0 2.3 2.5 34
4 6.7 4.2 5.0 4.3 4.8 3.6 2.5 2.6 3.5
10 7.2 4.0 3.4 6.0
11 7.2 4.2 4.9 3.9 6.2

3 Values for the NH2 or NH3 peaks. °Values for NH2, NH3, or NH4. °Values in italics are those for the Aib NH peaks.

peaks of 3-5 and 8 (4.30-4.37 ppm). The remaining peak
at 4.24 ppm was assigned to the C*H of Leu(3) following
the Aib residue. Thus, the C*H of a Leu residue following
an Aib residue was revealed to resonate slightly upfield
of the C*H of a Leu residue in the internal of the oligo-
leucine sequences which resonated at 4.27-4.33 ppm.
Then, in the spectra of 3-5 and 3’-5’, the peaks at the
highest fields in the C*H region were assigned to the Leu(2)
C*H. In addition, the C*H peaks of Leu(3)-Leu(5) of 3-5
and 3’-5’, except for the C-terminal Leu residues, were
assigned by assuming that the C*H of a Leu residue nearer
to the Aib residue in the peptide sequence resonated at
the higher field.

The peaks of Leu C*H of 7/, 8, and 8 were assigned from
comparison of their chemical shifts and the method de-
scribed above. The peaks of the C*H of the Leu(2) resi-
dues preceding the Aib residue of 8 and 8’ were shown to
resonate at a higher field in the Leu C*H region, similar
to the case of the C*H peak of the Leu residue following
an Aib residue. It was also observed that the C*H protons
of the N-terminal Leu(1) residues preceding the Aib res-
idue of 6 and 7’ resonated at a higher field by about 0.1
ppm than that of the C*H peaks of the N-terminal Leu(1)
residues preceding a Leu residue. Then, in the spectra of
10’ and 1Y/, the peaks at the highest fields in the Leu C*H
region, except for the N-terminal Leu C*H peaks, were
assigned to the C*H protons of Leu(3) and Leu(4) pre-
ceding the Aib residue, respectively. The C*H peaks of
Leu(2) and Leu(3) of 11’ were assigned by assuming that
the C*H of a Leu residue nearer to the Aib residue in the
peptide sequence resonates at a higher field.

In the spectrum of 9, the NH and C*H peaks of Leu-
(2)-Leu(4) were assigned from comparison of their chem-
ical shifts with those of the Leu NH and C°H peaks of 11/,
and the NH and C*H peaks of Leu(6)-Leu(9) were as-
signed from comparison of their chemical shifts with those
of the Leu NH and C*H peaks of 7’ and 8.

Conformation of the Peptides in Me,SO. The NH
chemical shifts of 3 were shown to exhibit no concentration
dependence by spectrum measurements in 0.006 M solu-
tion, indicating that the NH protons of 3 are free from
intermolecular hydrogen bonding in the concentration
range 0.006-0.03 M.!* Considering the high polarity of the
solvent, the other peptides are also expected to be free
from intermolecular hydrogen bonding,

The temperature dependences of the NH chemical shifts
are summarized in Table I. It has been well recognized
that, in highly polar solvents such as Me,SO-dg, the tem-
perature dependence of NH chemical shifts is small when
NH protons are shielded from the solvent (2 X 1078

ppm/°C) but becomes large when NH protons are exposed
to the solvent (6 X 107 ppm/°C).}4'7 Qur previous study
of the oligoleucines 1 and 2 has shown that they have a
randomly coiled structure in Me,SO.* As shown in Table
I, the NH chemical shifts of the N- and C-terminal Leu
residues of 1 and 2 exhibit a large temperature dependence
and those of the Leu residues in the internal sequences also
exhibit a relatively large temperature dependence, which
indicates that these NH protons are almost fully solvated
in Mest'de.

On the other hand, the NH chemical shifts of Leu(3) of
3 and 3’ exhibit a small temperature dependence, in con-
trast to the fact that the NH chemical shifts of the other
amino acid residues of these peptides exhibit a large tem-
perature dependence. This result suggests contribution
of a B-turn structure formed by the hydrogen bonding of
the Leu(3) NH with the Boc group CO. The carbonyl
oxygen is on the Boc—Aib bond with a fixed dihedral angle
of the Aib residue, permitting the type I and type III 8-turn
structures when the Aib residue is at the i + 1 position.!8

The NH chemical shifts of Leu(3) of 4, 4/, 5, and 5’
exhibit a small temperature dependence and Leu(4) and
Leu(5) of 4 and 4/, and Leu(4)-Leu(8) of 5 and 5’ also
exhibit a relatively small temperature dependence com-
pared to that of the corresponding Leu residues of 1 and
2. This result indicates the occurrence of successive in-
tramolecular hydrogen bonds of the NH protons from
Leu(3) through the C-terminal Leu(5) or Leu(6). The
presence of two free amide NH protons of the N-terminal
dipeptide sequences of these peptides and the presence of
successive intramolecular hydrogen bonds clearly suggest
contribution of successive i — [ — 4 hydrogen bonds form-
ing a 3;y-helical structure.'”1%% It is also suggested that
the 3,¢-helical structure of the peptides Boc-Aib-Leu,-0OX
(X = Bzl and H, n = 4 and 5) is initiated by the intra-
molecular hydrogen bonding of the Leu(3) NH with the
Boc group CO which makes the type ITI 3-turn structure,
analogously in the case of 3 and 3. The gradual increase
in the temperature dependence of the NH chemical shifts
from Leu(3) to the C-terminal Leu indicates that the
3,0-helical structure of 4, 4/, 5, and 5’ is loosened gradually
toward the C-terminal direction in Mey,SO-dg. The con-
formational study of more tightly hydrogen bonded species
of the peptides 3’ and 5’ will be described later.

Although the NH chemical shift of Leu(3) of 7’ exhibits
a slightly larger temperature dependence compared to that
of the Leu(3) NH chemical shifts of 4, 4/, 5, and 5, the NH
chemical shifts of Leu(4)-Leu(6) in the C-terminal side
sequence from Leu(3) of 7 exhibit a smaller temperature
dependence compared to that of the corresponding Leu
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of 4, 4’, 5, and 5. This result indicates that the presence
of the Leu(1) residue preceding the Aib residue promotes
stabilization of the helical conformation. The presence of
two solvated amide NH protons of the N-terminal di-
peptide sequence of 7/ and the presence of successively
shielded NH protons of Leu(3)-Leu(6) suggest the con-
tribution of a 3,y-helical structure. However, a slightly
larger temperature dependence of Leu(3) and the smallest
temperature dependence of Leu(5) of 7/ also suggest the
contribution of successive | — i — 5 hydrogen bonds form-
ing an a-helical structure in which the Leu(5) NH is in-
tramolecularly hydrogen bonded with the Leu(1) CO on
the Leu~Aib peptide bond with a fixed dihedral angle of
the Aib residue permitting an a-helical structure.

The NH chemical shifts of the Aib(3) residues of 8 and
8’ exhibit a relatively large temperature dependence, and
the NH chemical shifts of Leu(4)-Leu(7) exhibit a tem-
perature dependence comparable to that of the NH
chemical shifts of the corresponding Leu(3)-Leu(6) of 7/,
respectively. The presence of three free amide NH protons
of the N-terminal tripeptide sequences of 8 and 8’ and the
presence of successively shielded NH protons of Leu(4)-
Leu(7) suggest contribution of an a-helical structure, that
is, the successive i — [ — 5 hydrogen bonds beginning with
the Boc group CO with the Leu(4) NH through the C
terminus. However, the contribution of a 3,4-helical
structure containing intramolecular hydrogen bonds be-
ginning with the Leu(1) CO with the Leu(4) NH through
the C-terminal region is not neglected from these tem-
perature dependence data. The type of helical structure
will be investigated from titration curves of the NH
chemical shifts using the CDCly~Me,SO-dg solvent system
as described later.

The NH chemical shifts of Leu(1)-Aib(5) of 9’ exhibit
a comparable temperature dependence to that of the NH
chemical shifts of Leu(1)-Leu(4) of 2, while the NH
chemical shifts of Leu(8)-Leu(9) of 9 exhibit a comparable
temperature dependence to that of the NH chemical shifts
of the corresponding Leu of 7/, 8, and 8, indicating that
only the peptide sequence of the C-terminal side of the Aib
residue has a helical structure. The NH chemical shifts
of the amino acid residues of 10" and 11’ also exhibit a
temperature dependence comparable to that of the NH
chemical shifts of the corresponding Len residues of 1 and
2, respectively, showing that the peptides 10’ and 11’ have
a randomly coiled structure in Me,SO-dg. These results
indicate that the Aib residue introduced alone in oligo-
leucines has no helix-promoting ability toward the N-
terminal direction in contrast to the helix-promoting ability
toward the C-terminal direction.

The NH chemical shifts at 30 °C of all the amino acid
residues of the peptides used here except for 3’5’ and 8’
are plotted against their temperature coefficients in Figure
2, Those of only the C-terminal amino acid residues of
3/~-5" and 8 are also plotted. All the amino acid NH peaks
are classified into four groups. The NH protons free from
intramolecular hydrogen bonding were revealed to resonate
at low field (7.64-8.29 ppm) in the amide NH region, al-
though the N-terminal NH protons blocked with Boc
groups resonate at high field (6.90-7.18 ppm), as has been
well recognized.’* The low-field positions of the NH
protons free from intramolecular hydrogen bonding are
probably due to the strong intermolecular hydrogen
bonding of the NH protons with Me,SO-dg. On the other
hand, the NH protons contained in the helical structure
were found to resonate at a relatively high field (7.34-7.62
ppm) except for several weakly hydrogen-bonded NH
protons of the C-terminal Leu and the NH protons of the
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Figure 2. Plots of the NH chemical shifts of the peptides 1-11
against their temperature coefficients in Me;SO-dg. The numbers

attached by a hyphen represent the peptide and residue numbers,
respectively.

Leu residues following the Aib-Leu sequence such as
Leu(3) of 3-5. The NH protons of the Leu residues fol-
lowing the Aib—Leu sequence, except for the C-terminal
Leu(4) of 6, were shown to resonate in a relatively narrow
range of low field (7.65-7.79 ppm). The characteristic NH
chemical shifts of these Leu residues could be attributed
to the conformation of the peptide sequence in which the
Leu NH protons are at the N-terminal region of the helical
structure. But it is more probable that the characteristic
NH chemical shifts are due to the position in the peptide
sequence of the Leu residue. The relation of the NH
chemical shifts to their temperature coefficients as men-
tioned above is very interesting in relation to the availa-
bility of the NH chemical shifts for assignments of peaks
and preliminary prediction of the peptide conformation.

Conformation of the Peptides 3/, 5/, 8, and 9’ in
CDC]; and in the CDCl;-Me,SO-d ; Solvent System.
The conformation of the peptides 3’, 5/, 8, and 9’ was
investigated in CDCl; and in the CDCl;-Me,SO-d; solvent
system and revealed as follows:

Boc-Aib-Leu;—OH (3’). Figure 3a shows the titration
curves of the NH chemical shifts of 3’ in the CDCl;-
Me,S0-dg solvent system. The NH peaks of Aib(1) and
Leu(2) show large downfield shifts with increasing con-
centration of Me,SO-d, especially up to about 50 vol %,
indicating that in CDCl; and in the CDCl;-Me,SO-d;
solvent systems the Aib(1) and Leu(2) NH protons are in
a conformation easily solvated by the hydrogen bond
forming solvent, Me,S0-dg. They are fully solvated in
Me,SO-d; as described above. The amide NH proton, in
a conformation susceptible to solvation, is well recognized
to show a large downfield shift in the CDCl;-Me,SO-d;
solvent system with increasing concentration of Me,SO-dg,
especially up to about 50 vol %."1*2* On the other hand,
relatively small dependences of the NH chemical shifts on
the concentration of Me,SO-d; are observed for the Leu(3)
and Leu(4) NH protons. The Leu(3) NH peak shows a
small downfield shift with increasing concentration of
Me,SO-d; up to about 20 vol %, and, upon further increase
in the concentration of Me,S0-dg, the Leu(3) NH chemical
shift scarcely changes. The Leu(4) NH peak shifts grad-
ually downfield with increasing concentration of Me,SO-dg
from 10 to 100 vol %. The small dependence of the Leu(3)
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Figure 3. Titration curves of the NH and C*H chemical shifts in the CDCl;-Me,SO-d; solvent system: (a) the peptide 3’; (b) the

peptide 5’; (c) the peptide 8’; {(d) the peptide 9'.

NH chemical shift on the concentration of Me,SO-d; in-
dicates that the Leu(3) NH proton is almost shielded from
the solvent due to intramolecular hydrogen bonding,1"!>-#
while the gradual downfield shift of the Leu(4) NH
chemical shift indicates that the NH proton is gradually
solvated in the CDCl;~Me,SO-dg solvent system (Figure
3a).

The dihedral angles ¢ and ¥ of the { + 1 residue in the
type I (¢ = -60°, ¢ = -30°) and type III (¢ = -60°, ¢ =
-30°) B-turn structure®® lie in the range of permitted di-
hedral angles ¢ and ¢ of the Aib residue (¢ = £60 + 20°,
Y = £30 £ 20°).1° The coupling constant Jyy_cey of the
amino acid residue at the { + 2 position of the type III
B-turn structure is expected to be about 3 Hz from the
dihedral angle ¢ = -60°.%% On the other hand, in a ran-
domly coiled structure, a large contribution of an extended
structure of peptide sequence with a dihedral angle ¢ about
—-120° would give a relatively large coupling constant of
approximately 10 Hz.? As shown in Figure 4a, the cou-
pling constant Jyy_cey of Leu(2) is 5-6 Hz in the
CDCl;-Me,S0-dg solvent system, indicating the contri-
bution of the type III 8-turn structure to the conformation
of the Boc-Aib-Leu, sequence with Aib(1)-Leu(2) sequence
at the corner of the 8-turn. From the coupling constant
Jnu-con of Leu(3) of about 7 Hz in CDCl,, it is suggested
that the contribution of the type III 8-turn structure with
the Leu(2)-Leu(3) sequence at the corner of the 8-turn is
negligible in CDCl,.

Boc-Aib-Leu;-OH (5’). Figure 3b shows the titration
curves of the NH chemical shifts of 5 in the CDCl;—
Me,S0O-d; solvent system. The NH chemical shifts of
Aib(1) and Leu(2) show strong dependences on the con-
centration of Me,SO-d;, indicating that the Aib(1) and
Leu(2) protons are in a conformation easily solvated by
Me,SO-dg both in CDCl; and in the CDCl;-Me,SO-d;
solvent system, as in the case of 3’. On the other hand,
relatively small dependences of the NH chemical shifts on
the concentration of Me,SO-d; are observed for the Leu-
(3)-Leu(6) NH protons. Especially, the Leu(3) NH peak
has a constant chemical shift except in the range of
Me,SO-d; concentration from 0 to 5 vol %. With regard
to the Leu(4)-Leu(6) NH peaks, it is shown that over the
range of Me,SO-dg concentration from 10 to 50 vol % the
NH chemical shifts are constant, but these peaks show
downfield shifts in the range of concentration from 50 to
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Figure 4. Titration curves of the coupling constants Jyy_cey of
the Leu residues in the CDCl;-Me,SO-d; solvent system (L, Leu):
(a) the peptide 3’ (0) L2, (a) L3, (O) L4; (b) the peptide 5’ (0)
L2, (a) L3, (v) L4, (@) L5, (O) L6; (c) the peptide 8’ (@) L1, (0)
L2, (a) L4, (v) L5, (0) L6, (m) L7.

100 vol %, and that for Leu residues closer to the C ter-
minus in the peptide sequence the downfield shift of the
Leu NH peak is larger. These results indicate that in
CDCI; only or in the CDClj-rich solvents in the CDCl;-
Me,SO-d; solvent system the Leu(3)-Leu(6) NH protons
are shielded from the solvent due to successive intramo-
lecular hydrogen bonds. The presence of the two easily
solvated amide NH protons of the N-terminal dipeptide
sequence and the successive intramolecular hydrogen
bonds of the Leu(3)-Leu(6) NH protons indicate that the
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peptide 5 has a 3,5-helical structure in these solvents.!7920
It is also indicated that solvation occurs gradually from
the C-terminal Leu NH toward the N-terminal direction
along the peptide sequence with increasing concentration
of Me,SO-d; from 50 to 100 vol %, although the Leu(3)
NH is almost fully shielded from the solvent.

The titration curves of the coupling constants Jyy_cen
of the Leu residues of 5 are shown in Figure 4b. The fact
that the coupling constant Jyy_cey of Leu(2) in the
CDCl;—Me,SO-dg solvent system is as small as 3-4 Hz
suggests a large contribution of the type III 8-turn struc-
ture with the Aib(1)-Leu(2) sequence at the corner of the
B-turn. The coupling constant Jyy.cey of the Leu(3)
residue is also relatively small (5-5.5 Hz) in the range of
concentrations of Me,SO-d; from 0 to 50 vol %, suggesting
a contribution of the type III 8-turn structure with the
Leu(2)-Leu(3) sequence at the corner of the g-turn.
Successive type III 8-turn structures construct a 3,y-helical
structure,'®1 and the results support the suggestion from
the titration curves of the NH chemical shifts that the
peptide 5" has a 3;¢-helical structure. The coupling con-
stants of the Leu(4) and Leu(5) are relatively large (5-6.5
and 6-8 Hz, respectively) even in solvents with a large
concentration of CDCl;(CDCly; 100-60 vol %), suggesting
a little participation of the Leu(5) and Leu(6) NH protons
to the 3;5-helical structure in these solvents. These results
indicate that even in the CDCl;-rich solvents the 3;4-helical
folding is loosened from the C terminus.

Boc-Leu,-Aib-Leu,~OH (8’). Figure 3c shows the ti-
tration curves of the NH chemical shifts of 8. The Leu(1)
and Leu(2) NH chemical shifts show strong dependence
on the concentration of Me,SO-dg, but the Aib(3) NH
chemical shift shows a relatively weak dependence on the
concentration although the titration curve is analogous to
that of the Leu(2) NH. These results indicate that the
Leu(1), Leu(2), and Aib(3) NH protons are in a confor-
mation easily solvated by Mey,;SO-dg in the CDCly—
Me,SO-d; solvent system. On the other hand, the Leu(4)
and Leu(5) NH protons have constant chemical shifts over
the concentration range of Me,SO-dg more than 5 vol %,
indicating these NH protons are almost fully shielded in
the solvent. The Leu(6) and Leu(7) NH chemical shifts
show analogous titration curves to those of the Leu(4)-
Leu(6) residues of 5. This indicates a similar tendency
of these protons against the solvent composition, although
the influence of the solvent composition on the confor-
mation of 8 is small compared to its influence on that of
5’. These results indicate that in CDC]; or in the high-
CDCl, concentration of the CDCl;-Me,SO-dg solvent
system the Leu(4)-Leu(7) NH are shielded from the sol-
vent due to successive intramolecular hydrogen bonds.
The presence of the easily solvated three amide NH pro-
tons in the N-terminal tripeptide sequence and the suc-
cessive intramolecular hydrogen bonds of Leu(4)-Leu(7)
indicate that the peptide 8 has an a-helical structure. It
also indicates that the a-helical structure is loosened from
the C terminus with increasing concentration of Me,SO-dg
in the solvent system.

The titration curves of the coupling constants Jyy_cen
of the Leu residues of 8 are shown in Figure 4c. The
dihedral angle ¢ = -57° of the «-helix gives about 3 Hz
for the coupling constant Jyy_cey-> As shown in Figure
4¢, in high CDCl; concentrations (100-50 vol %), the
coupling constants of Leu(1), Leu(2), and Leu(4) are ~4,
3-3.5, and ~5 Hz, respectively. This result supports the
a-helical structure suggested from the titration curves of
the NH chemical shifts, beginning with the hydrogen bond
of the Boc group CO with the Leu(4) NH. With increase
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of the Me,SO-d; concentration from 50 to 100 vol %, the
coupling constants of Leu(1) and Leu(4) increase to 67
Hz, indicating the helical structure is loosened in the
high-Me,SO-d; concentration. The coupling constant of
Leu(5) increases from 5 to 6.5 Hz with increasing con-
centration of Me,SO-dg; from 0 to 10 vol %, indicating that
in CDCl; the Leu(6) NH participates in the a-helical
structure and the contribution of the Leu(6) NH to the
helical structure quickly becomes small with increasing
concentration of Me,SO-dg from 0 to 10 vol %. The
coupling constant of Leu(8) is large (7.5-8.5 Hz) even in
the solvents with a high proportion of CDCI,, indicating
little participation of the Leu(7) NH in the helical structure
in these solvents. :

Boc-Leu-Aib-Leu,~OH (%). As shown in Figure 3d,
the Leu(1), Leu(2), and Leu(3) NH chemical shifts show
strong dependences on the concentration of Me,SO-dj,
indicating these NH protons are in a conformation easily
solvated by Me,S0-d; in the CDCl;-Me,SO-d; solvent
system. On the other hand, the Leu(4) NH peak has a
constant chemical shift in the range of Me,SO-dg concen-
tration from 0 to 50 vol %. The Leu(6)-Leu(9) NH peaks
also have an almost constant chemical shift except in the
ranges of Me,SO-dg concentration from 0 to 20 vol %,
where the NH peaks show upfield shifts, and from 80 to
100 vol % for Leu(8) and Leu(9), where the Leu(8) and
Leu(9) NH peaks show small downfield shifts. These
results indicate that in the solvents with high CDCl,
concentration the peptide 9 has an a-helical structure
beginning with the hydrogen bonds of the Boc group CO
with the Leu(4) NH through the C terminus as in the case
of 8. The Leu(4) NH peak shows a large downfield shift
with increasing concentration of Me,SO-dg from 50 to 100
vol %. Thus, it is clear that in solvents of high Me,SO-dg
content all the amide NH protons included in the peptide
sequence of the N-terminal side of the Aib residue are
solvated and that the peptide 9’ has an a-helical structure
in the range of the peptide sequence from the Leu(2) CO
through the C terminus. This result corresponds well with
the result of temperature dependence of the NH chemical
shifts in Me,SO-d;, and suggests that the Aib residue in-
serted into oligoleucines initiates 3,o- or a-helical folding
by the hydrogen bonds of the two carbonyl groups both
sides of the Aib residue, with Leu NH protons included
in the peptide sequence of the C-terminal side of the Aib
residue. The small downfield shifts of the Leu(8) and
Leu(9) NH peaks with increasing concentration of
Me,S0-dg from 80 to 100 vol % indicate that the helical
structure of the C-terminal sequence of 9’ is loosened in
solvents with high Me,SO-d; content, as well as in the case
of 5" and 8, but the degree of loosening of the helical
structure is very small compared to 5’ and 8. This fact
indicates that with regard to the peptides examined here
an increase in the peptide chain length stabilizes the helical
structure.

Broad NH peaks and overlaps of several NH peaks made
it difficult to obtain most of the coupling constants J/yy-con
of the Leu residues of 9. The coupling constant Jyy_cen
of Leu(2) was about 4 Hz in the CDCl,-rich solvents
(CDClg, 100-70% ) and the coupling constants Jyyg-cey Of
Leu(7) and Leu(9) were 4.9-6.3 and 7 Hz in the CDCls-rich
solvents (CDClg, 100-60% ), respectively. The small cou-
pling constants of Leu(2) in solvents with high CDCl,
concentration indicate that the Leu(1) CO participates in
the helical structure in these solvents, supporting the
a-helical structure over the whole range of the peptide
suggested from the NH chemical sifts titration curves.
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Figure 5. Concentration dependences of the NH chemical shifts
of the peptides 8/, 9’, and 1 in CDCl,.
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It is inferred from the above results that oligoleucines
containing an Aib residue at the N terminus of the peptide
sequences have a tendency to assume a 3;5-helical structure
and that oligoleucines containing an Aib residue at the
third position from the N terminus or at a more internal
position have a tendency to assume an a-helical structure.

As shown in Figure 3, in the range of Me,SO-dg con-
centration from O to 10 or 20% only the NH peaks of the
fourth amino acid residues from the N terminus of 5/, 8,
and 9 have a constant chemical shift. The other NH peaks
participating in intramolecular hydrogen bonding shift
upfield in the same range of Me,SO-dg concentration in-
creasingly as the Leu residue departs from the fourth am-
ino acid in the peptide sequence. The coupling constants
Jnu-cen Of Leu(4) and Leu(5) of 5, those of Leu(5) and
Leu(6) of 8/, and that of Leu(7) of 9’ also show sharp
increases with increasing concentration of Me,SO-dg from
0to 10%. In most cases for NH protons participating in
intramolecular hydrogen bonds forming helical structures
the magnitude of the upfield shifts of a peptide implies
relative weakness of the intramolecular hydrogen bonds
of the peptide. This fact suggests that the helical struc-
tures in CDCl, solution are partially loosened in the range
of Me,S0O-d; concentration from 0 to 10 or 20%. Most of
the NH peaks in the N-terminal region of the peptide
sequence also shift upfield in the range of Me,SO-d; con-
centration from 0 to 10 or 20%. The intermolecular hy-
drogen bonds of the amide NH protons in the N-terminal
dipeptide sequences, as described below, would alsoc be
disrupted in the same range of Me,SO-dg concentration.
A similar upfield shift has been observed for the initially
intermolecularly hydrogen bonded amide NHMe proton
of Ac-Ala-NHMe when the intermolecular hydrogen bond
is disrupted with increasing concentration of CF;COOH
in the titration experiment using the CDCl,-CF,;COOH
solvent system.?® The reason for the upfield shifts is not
clear as yet but this behavior may aid in peak assignment
of peptides in helical structures.

It was revealed that in the CDCl;-MeySO-dg solvent
system as well as in Me,SO-d; the NH peaks of the Leu
residues following an Aib-Leu sequence resonated at a
relatively low field compared to the other peaks of the NH
protons participating in intramolecular hydrogen bonding,
as shown in Figure 3. This result supports the suggestion
that the lower field shift of the NH peaks of the Leu
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residues following an Aib-Leu sequence is due to the
position in the peptide sequence of the Leu residues. It
was shown that the NH peaks of the two amino acid res-
idues of the N-terminal dipeptide sequences of 3/, 5/, 8,
and 9’ showed large downfield shifts in CDCl; with in-
creasing peptide chain length and stability of the helical
structure. It was also revealed from the titration curves
of the C*H chemical shifts (Figure 3) that the C*H peaks
of the C-terminal Leu showed a relatively large upfield
shift with increasing concentration of Me,SO-dg compared
to the other C*H peaks. In addition, except for the C-
terminal C*H Leu peaks, the relative positions of the C*H
peaks are almost unchanged with change of solvent from
CDCI, to Me,SO-ds. This fact is convenient for assignment
of the C*H peaks in one solvent or the other.

The concentration dependences of the NH chemical
shifts of 8 and 9’ in CDCl; are shown in Figure 5 along
with those of the Leu NH chemical shifts of the oligo-
leucine 1 in this solvent. All the NH peaks of 1 show large
downfield shifts with increasing peptide concentration,
indicating that all the NH protons of 1 are intermolecularly
hydrogen bonded at these concentrations.!* On the other
hand, only the NH peaks of two Leu residues in the N-
terminal dipeptide sequences of 8 and 9’ show large
downfield shifts with increasing concentration from 0.01
to 0.1 or 0.08 M, respectively. Other peaks of the peptides
show almost constant chemical shifts in these concentra-
tions. This result indicates that only the two NH protons
of the Leu residues in the N-terminal dipeptide sequences
participate in intermolecular hydrogen bond formation and
the other NH protons are intramolecularly hydrogen
bonded or fully solvated.!* The almost constant chemical
shifts of the Aib(3) NH peak of 8 and the Leu(3) NH peak
of 9’ at these concentrations indicate that they are not
involved in intermolecular hydrogen bonding. Examina-
tion with CPK models indicates that these NH protons
cannot readily form intermolecular hydrogen bonds when
8 and 9’ are assumed to adopt an a-helical structure.

In CDCl;, the Aib(1) and Leu(2) NH peaks of § also
showed downfield shifts with increasing peptide concen-
tration from 0.01 to 0.03 M. This is in contrast to the
almost constant chemical shifts observed for the other NH
peaks of 5’ at these concentrations. The result indicates
that only the Aib(1) and Leu(2) NH peaks of 5’ are in-
termolecularly hydrogen bonded. It is demonstrated from
CPK models that intermolecular hydrogen bonding of the
Aib(1) and Leu(2) NH protons is permitted when 5’ is
assumed to adopt a 3,4-helical structure.

Registry No. 1,92782-17-7; 2, 92782-18-8; 3, 100642-89-5; 3’,
100643-01-4; 4, 100642-90-8; 4/, 100643-02-5; 5, 100642-91-9; 5,
107658-07-1; 6, 107658-04-8; 7, 107658-05-9; 7/, 107658-08-2; 8,
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ABSTRACT: Heteronuclear J-resolved *C NMR spectra of solids can be obtained by the combined use of
magic angle spinning and proton multiple-pulse decoupling. In a cured, carbon black filled, natural rubber,
MAS alone appears to be sufficient to reveal scalar 1*C-'H couplings, meaning that there must be extensive
molecular motions. The nature of these motions are discussed by making a comparison to the motions in
the plastic crystal adamantane. It is concluded that susceptibility effects due to the presence of the filler

play an important role in the 3C line width.

Introduction

It is known that J-resolved *C NMR spectra of solids
can be obtained by the combined use of magic angle
spinning (MAS) and proton multiple-pulse decoupling.!
The effect of multiple-pulse decoupling is to average the
proton homonuclear dipolar interaction Hp® and thus
render the 3C-'H heteronuclear dipolar interaction Hp 1g
inhomogeneous so that it can be averaged by magic angle
spinning.* Then, in contrast with standard heteronuclear
decoupling, the isotropic carbon—proton coupling H; g
remains present. It is scaled however by multiple-pulse
decoupling.?

Until now most applications of this technique were on
spherical organic molecules, like camphor and adaman-
tane,l#b¢? which, at room temperature, are in a “plastic”
crystalline state where the molecules reorient rapidly
around their symypetry axes and even diffuse through the
lattice. This results in considerable averaging of the di-
polar interactions. The remaining part of the homonuclear
dipolar interactions can then be averaged by proton
multiple-pulse decoupling. It must be noted, however, that
Miura et al.d recently succeeded in resolving J multiplets
in rigid solids using a double-bearing probe with an ac-
curate setting of the rotation axis and a short multiple-
pulse cycle (i.e., short 90° pulses).

Early proton NMR studies of rubber samples by Gu-
towsky et al.® show very narrow lines at room-temperature,
indicating that dipolar interactions are averaged by CH,4
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rotation and segmental motions. Duch and Grant® suc-
ceeded in getting direct 3C spectra of natural rubber using
conventional high-resolution techniques. Thus natural
rubber seems a good candidate for J-resolved spectroscopy
in the solid state. It appears that even for cured, carbon
black filled rubber MAS alone is sufficient to obtain
heteronuclear J/-resolved spectra, showing that there are
extensive molecular motions present. The nature of these
motions are discussed by comparing a series of spectra,
obtained with and without MAS and dipolar decoupling,
to those of the well-studied plastic crystal adamantane.

Experimental Section

Materials. Adamantane (Gold Label) was obtained from
Aldrich Chemical Co. The rubber samples were prepared from
Standard Malaysian rubber and contained 50 parts per hundred
HATF carbon black. The samples were cured with 2.5 parts per
hundred sulfur. The average molecular weight between cross-links
is of the order of 10000.

Measurements. Spectra were recorded on a Bruker CXP 300
(carbon frequency, 75.4 MHz) and on a home-built 180-MHz
spectrometer (carbon frequency, 45.3 MHz). On the CXP 300
spectra were obtained in a double-bearing CP-MAS probe op-
erating with 4.5-us 90° pulses. The MAS experiments were carried
out with spinning speeds between 2 and 3 kHz.

Results and Discussion

Figure 1 shows the heteronuclear 2D J spectrum of
cured, carbon black filled, natural rubber at room tem-
perature obtained with the proton-flip experiment.” The
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