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ABSTRACT '% chemical shifts of oligo(L-alanines) and poly(L-alanines) of various chain lengths were measured 
by the cross polarization/magic angle spinning (CP/MAS) method. It is found that 13C chemical shifts of 
the C,, C,, and carbonyl carbons are significantly displaced depending on conformation, such as disordered, 
@-sheet, and a-helix forms, the conformations of which were also characterized by infrared spectroscopy and 
X-ray diffraction. The relative 13C chemical shifts of the a-helix with respect to those of the /3-sheet forms, 
A, are 4.2, -5.0, and 4.6 ppm for the C,, C,, and C=O carbons, respectively, and are qualitatively in agreement 
with the values obtained for (Leu),, (Val),,, and (Ile),,. Further, conformations of block and random copolymers 
consisting of L-alanine and D-alanine and also random copolymers of L-alanine with N-methyl- or N- 
benzyl-L-alanine were well characterized by examining the conformation-dependent 13C chemicals shifts. These 
results were consistent with our findings by the infrared and X-ray diffraction methods. Especially, it was 
found for the random copolymers of L- and D-alanineS that their microconformation in the solid state may 
be ascertained from the 13C chemical shifts by the CP/MAS method. We have also compared the 13C chemical 
shifts of the a-helix form with those of the random coil form obtained in CF3COOD solution. 

Introduction 
13C NMR spectroscopy has proven to be a very useful 

tool to probe the conformation and dynamics of proteins 
and peptides in solution.'V2 It is essential to have reference 
data concerning the conformation-dependent 13C chemical 
shifts of the individual amino acid residues under con- 
sideration and to establish how and to what extent 13C 
chemical shifts are displaced upon folding. Therefore 
measurements of 13C chemical shifts of homopolypeptides 
with particular conformations such as a-helical and @-sheet 
forms obviously provide one excellent source of reference 
data. Such a study in solution, however, has been limited 
to several a-helical polypeptides*'l because of solubility, 
and no data are available for @-sheet polymers. To  over- 
come this limitation, we previously showed'2 that mea- 
surements of 13C chemical shifts of solid polypeptides 
((Val),,, (Ile),,, and (Leu),,) by cross polarization/magic 
angle spinning (CP/MAS) NMR spectroscopy1&l6 offer an 
excellent alternative means to explore the conformation- 
dependent 13C chemical shifts. The most obvious advan- 
tage of recording 13C chemical shifts in the solid state is 
that conformation-dependent 13C chemical shifts free from 
any conformational fluctuations are obtained from samples 
whose conformations are determined by X-ray diffraction17 
and by infrared and Raman spectroscopy.18 

As a continuation of this approach, we report here a 13C 
CP/MAS NMR study of oligo(L-alanines) and poly(L- 
alanines) to elucidate the conformation-dependent 13C 
chemical shifts as a novel means to probe the conforma- 
tional behavior of Ala residues in proteins and peptides 
in aqueous solution. Poly(L-alanines) are one group of 
polypeptides whose conformations have been extensively 
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studied by various  method^.^*^^ In particular, the con- 
formations of the a-helix, @-sheet, and disordered forms 
in the solid state have been established by many au- 
t h o r ~ . ~ * ~ ~  In addition, solution properties of these com- 
pounds have been characterized by lH NMR and other 
 technique^.^^-^^ Therefore it is possible to correlate the 
13C chemical shifts of oligo(L-alanines) and poly(L-alanines) 
with particular conformations. Furthermore, we have 
extended this approach to probe conformational features 
of block and random copolymers consisting of L- and D- 
alanines and random copolymers of L-alanine with N- 
methyl- or N-benzyl-L-alanine. Recently, Muller and 
Kricheldorf published preliminary 13C CP/MAS NMR 
spectra of solid polypeptides, including (Ala),, with DP's 
of 10, 20, 50, and >100.19 The assignments of peaks are 
in agreement with ours, although no detailed chemical 
shifts were given. 

Experimental Section 
A series of oligo(L-alanines), Z-@-Ala),,-"- 

(CH2)&H3 (n = 1-8, containing an n-butylamide group at the 
C-terminal residue and a benzyloxycarbonyl (Z) group at the 
N-terminal residue), and HB~H-(L-A~~) , -NH(CH~)~CH~ (n  = 1-8) 
were synthesized according to the procedure of Fujie et aLZ7 The 
synthetic route is shown in the following scheme. 

Materials. 

* 

H - 
HBPH(L-A~~)-NH(CH~)~CH~ (i) 

I' 

. .  
HBr/CH&OOH 

Z - ( L - A ~ ~ ) ~ - N H ( C H ~ ) ~ C H ~  
II(1.1) 

HBPH-(L-A~~),-NH(CH,)~CH~ (ii) 
II'( 1,l) 
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solid state: Z-(L-A~~),-NH(CH,),CH~ (Figure 1A) and 
HBPH-(L-A~~).-NH(CH~)~CH~ (Figure 1B). Signals from 
the L-alanine residues are easily identified and assignedlg 
as given in Figure 1 with reference to published data for 
the monomer and residues in the proteins and peptides.'" 
In addition, 13C signals from n-butylamide groups are easily 
discriminated by observing that the intensities of these 
peaks gradually decrease with increasing number of L-Ala 
residues in the oligomers. They are assigned in a 
straightforward manner as shown in Figure 1. Signals 
designated by SSB (and also by the arrows) and "+" are 
ascribed to the spinning sidebands of the carbonyl and 
quaternary carbon signals and arise owing to an insufficient 
magic angle spinning rate compared with the widths of the 
chemical shift an i~ot ropy '~  and residual 13C signals from 
the deuterated PMMA rotor and probe assembly, re- 
spectively. The peak a t  44.2 ppm, unassigned by Muller 
and Kri~heldorf, '~ is obviously to be ascribed to one of the 
signals marked by the "+" (44.3 ppm) from the rotor. 

It is obvious from a plot of 13C chemical shifts against 
DP, (degree of polymerization) (Figure 2) 'that the C, and 
C=O signals of the monomer and dimer of Z-@-Ala),- 
NH(CH2),CH3 are slightly displaced downfield relative to 
those of the trimer and higher oligomers. The C, signals 
of the dimer and trimer, especially of the oligomer with 
a benzyloxycarbonyl group a t  the N-terminal residue, are 
split into two peaks arising from the N-terminal residue 
and other residues. The assignment of the former peak 
is straightforward because the position of this peak is 
almost unchanged on going from the monomer to  the 
tetramer and the peak intensity gradually decreases with 
increasing number of residues (Figure 1). Parallel with 
these changes, the 13C chemical shifts of the n-butylamide 
group a t  the C-terminal residue are considerably changed 
on going from the monomer to the trimer and reach con- 
stant values a t  the tetramer, as shown in Figure 3. These 
displacements of peaks, except for those of C3(Ci), are 
almost the same between the two types of oligomers 
(Figure 3). However, the C3 signals of the oligomers are 
significantly displaced upfield (up to 8 ppm) and super- 
imposed on the C4 signal. The cause of such large dis- 
placements is not clear at  present; however, it is clear that 
these displacements of peaks in the n-butylamide group 
arise from conformational changes of the N-terminal res- 
idues. Therefore we conclude that a unique conformation 
of these oligomers is achieved by the tetramer and higher 
oligomers. I t  is interesting to note that the conformational 
properties of the oligomers examined are not strongly 
affected by the N- or C-end groups, in contrast with the 
previous result of Sutton and K ~ e n i g . ' ~  

We also examined infrared spectra and the X-ray pow- 
der diffraction of the same materials. As shown in Figure 
4, the peaks a t  1630 and 430-445 cm-I, characteristic of 
the @-sheet form;, appear at  the tetramer of the oligomers. 
We also observed X-ray diffraction patterns characteristic 
of the @-sheet forms at  28 = 16.7' (the (020) reflection) and 
2 0 . 2 O  (the (110) reflection) arising from the orthorhombic 
crystal with a = 4.79, b = 10.7, and c = 6.88 A20,21327 for the 
tetramer and higher oligomers. These results are in good 
agreement with the NMR data, as mentioned above. 

Disordered conformations in the dimer or trimer may 
arise from the presence of residue(s) adopting conforma- 
tional angles slightly different from those of the ,&sheet 
form, as concluded from the displacement of the 13C sig- 
nals. 

Poly(L-alanines). Poly(L-alanines) of higher molecular 
weight (PLA-1, PLA-5, PLA-50, and PLA-200 for molec- 
ular weight 1200, 4700, 50 000, and 200 000, respectively) 

( C a d $  
z-(~-Ala)-N, + II'(1,l) - 

HBr/CH&OOH 
Z-(L-A~~),-NH(CH,)~CH~ 

III(1.2) 
HB~*H-(L-A~~),-NH(CH,),CH, (iii) 

111'(1,2) 

(C&d3N z-(~-Ala)-N, + 111'(1,2) 
HBr/CH&OOH 

Z-(L-A~~)~-NH(CH~)&H, 
IV(1.3) 

HB~-H-(L-A~~)~-NH(CH,)~CH,  (iv) 
IV(1,3) 

( C P d f l  
z-(~-Ala),-N~ + II'(1,l) - 

HBr/CH&OOH 
Z-(L-A~~)~-NH(CH,)~CH, 

V(3.2) 
HB~*H-(L-A~~)~-NH(CH,),CH, (v) 

V'(3,2) 

HBr /CH&OOH 
Z-(Ala)6-NH(CH,)3CH3 , 

VI(3.31 ,-, 
HBPH-(L-A~~)~-NH(CH~),CH, (vi) 

VI'( 3,3) 

HBrJCHgOOH 
Z-  ala)^-"( CHJ3CH3 

VII(2,5) 
HBPH-(L-A~~)~-NH(CH,),CH~ (vii) 

VII'(2,5) 

HBrJCHgOOH 
Z-(LAla),-NH(CH,)?CH1 

HBPH-(L-A~~)~-NH(CH,),CH~ (vii) 
VII'(2,5) 

HBr/CH&OOH 
Z-(L-A~~)~-NH(CH~),CH, 

VIII(3,5) 
HB~.H-(L-A~~)~-NH(CH,)~CH, (viii) 

VIII'(3,5) 

All the peptides were purified by careful recrystallization. 
Oligo(L-leucine) Z-(L-LeU)6-OC& was prepared by coupling 

z-(~-Leu),-N, with HB~.H-(L-L~U),-OC,H~ in a manner similar 
to that described above. The peptide was recrystallized from 
dimethylformamideln-butyl alcohol and subsequently from di- 
methylformamide. 

Poly@-alanines) and D,L copolymers having sharp molecular 
weight distributions were prepared by heterogeneous polymeri- 
zation of L- or D-alanine N-carboxyanhydride (NCA) and co- 
polymerization of the NCAs in acetonitrile with n-butylamine as 
initiator.% Random copolymers33 of L-alanine and N-methyl+ 
alanine (or N-benzyl-L-alanine) were prepared by heterogeneous 
copolymerization of L-alanine-NCA with N-methyl-L-alanine-NCA 
(or N-benzyl-L-alanine-NCA) in acetonitrile with n-butylamine 
as initiator.,* Table I summarizes the samples used in this study 
together with some physical data. 

Methods. Single-contact I3C CP/MAS NMR spectra were 
recorded at 75.46 MHz with a Bruker CXP-300 spectrometer 
equipped with a CP/MAS accessory. Samples (ca. 300 mg) were 
contained in an Andrew-Beams type rotor machined from per- 
deuterated poly(methy1 methacrylate) and spun as fast as 3-4 
kHz. Contact time was 1 ms (not optimized, but chosen to avoid 
build up of strong signals from residual carbon signals from the 
rotor and probe assembly) and repetition time was 2 s. Spectral 
width and data points were 30 kHz and 4K, respectively. Res- 
olution enhancement was performed by the method of Gaussian 
m ~ l t i p l i c a t i o n . ~ ~  I3C chemical shifts were calibrated indirectly 
through external benzene (128.5 ppm relative to Me4Si). 

Infrared (IR) spectra (4000-250 cm-') were obtained for KBr 
disks with a Model 260-50 Hitachi infrared spectrophotometer. 
X-ray powder diffraction patterns were recorded with a Riga- 
ku-Denki Rota Flex RU-3 X-ray diffractometer. 

Resul ts  
Oligo(L-alanines). Figure 1 shows 13C CP/MAS NMR 

spectra of a series of monodisperse oligo(L-alanines) in the 
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D R  Figure 2. Plot of the 13C chemical shifts of oligo(L-alanines) and 
poly(L-alanines) ((Ala),) vs. DP, (or @,): (0) HBr-H-(L- 

alanines); (0) minor peak of Z-(L-A~~),,-NH(CH,),CH~. 

Figure 3. Plot of the 13C chemical shifts of the n-butylamide 

(carbons with the prime); (0) Z-(L-A~~),-NH(CH,) ,CH~.  Ala),-"(CH,),CH,; (0) Z-(L-Ala),-NH(CH2)3CH3 and  poly(^- moiety of oligo(L-alanines): (0) HBPH-(L-A1a)n-NH(CH2)3cH3 
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Table I 
Characteristics of the Samples Used 

L N-methyl- or 
- composition: N-benzyl-L-Ala 

samplea DPnb (DPd  % content, % 

Z-( L -Ala), -NH( CH,),CH, 
HBPH-(L -Ala),-"( CH,),CH, 
Z-( L -Leu), -OC,H, 
PLA-1 
PLA-5 
PLA-50 
PLA-200 
PDLA-RL9O 
PDLA-RL25( RD75) 
PDLA-RL6O 
PDLA-RL5O 
PDLA-BL9O 
PDLA-BL7 5 
PDLA-BL50 
copoly( L -Ala,"-methyl-L -Ala) 

M-1 
M-5 
M-25 

B-10 
B-20 

copoly( L-Ala,N-benzyl-L -Ala) 

1-8 
1-4, 7, 8 
6 

16 
65 

700: 
2800 

120 
120 
130 
120 
150 
150 
140 

goe 
BOe 
5Se 

50e 
28 e 

91 
22 
59 
50 
82 
76 
50 

I f  
4 f  
14f 

6g 
9g 

a Abbreviations: Z, benzyloxycarbonyl; PLA, poly( L -alanine); PDLA-R, random copolymer of L-  and D -alanine; 
PDLA-B, block copolymer of L -  and D -alanine; M, copolymer of L-alanine and N-methyl-L-alanine; B, copolymer of L-  
alanine and N-benzyl-L-alanine. 
CF,COOH. For poly(L-alanines), a linear relation between the degree of polymerization (DP,) by 'H NMR and intrinsic 
viscosity [q] was obtained (see refs 28 and 29). Calculated from [a 61 by the optical rotatary dispersion method in 
CF,COOH. Theoretical number-average degree of polymerization (b,",, equal to the ratio A/I ,  where A and I denote 
the concentration of monomer and initiator, respectively. e Calculated from [2 x intensity( a-CH)/intensity( -NHCH,-)I as 
determined by 'H NMR spectra. N-Methyl-L-alanine content (%) was calculated from [lo0 X intensity(NCH,)/ (3 X 
intensity(a-CH)}] as determined by 'H NMR spectra. g N-Benzyl-L-alanine content (%) was calculated from [lo0 X 
intensity( NCH,C,H, )/ { 5 X intensity( aGH)} 1. 

Calculated from the concentration of the NH,' end group (by 'H NMR) and in 

mml4w 600 500 400 300 
WAVEMMIER (cni') 

Figure 4. Infrared spectra of Z-(L-Ala)n-NH(CH2)3CH3. 

ber-average degree of polymerization) (Figure 2). Clearly, 
'3c chemical shifts of (Ala), (n 1 16) are unchanged among 
the polypeptides of various DP,'s within experimental 
error and can serve to characterize the a-helix form. The 
13C chemical shifts of the C, and carbonyl carbons of the 
a-helix are significantly displaced downfield (4.2 and 4.6 
ppm, respectively) relative to those of the 8-sheet form, 
while the 13C shift of the C, carbon of the a-helix is dis- 
placed upfield with respect to that of the 8-sheet form (-5.0 
ppm). These data are summarized in Table 11. Inter- 
estingly, the magnitude of the displacements in the CB 

Af 
200 100 o m  

Figure 5. 75.46-MHz 13C CP/MAS NMR spectra of poly(L- 
alanines) with various molecular weighta (see Table I). 500-1000 
transients. 

carbons a t  the side chain is larger than that of the back- 
bone C, carbons.. 

The 13C signals of the minor @-sheet present in the major 
a-helix are easily identified and are marked by 8 in Figure 
5. The proportion obtained by comparison of the peak 
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Figure 6. 75.46-MHz 13C CP/MAS NMR spectra of block co- 
polymers of L- and D-alanines (see Table I). 

intensities (ca. 20%) is roughly consistent with that ob- 
tained by infrared and X-ray diffraction data (not 
s h o ~ n ) . ~ ~ J ~  The 13C signals of PLA-1 consist of two kinds 
of signals arising from the a-helix and 0-sheet forms. This 
might be caused by a plausible distribution of the chain 
length. Thus the a-helix conformation is formed for the 
oligomers between n = 9 and n = 16. 

Copolymers Consisting of L- and  D-Alanines. Figure 
6 illustrates 13C CP/MAS NMR spectra of block co- 
polymers of L- and D-alanines; the proportion of L-alanine 
is 50, 76, and 82% for BL50, BL75, and BL90, respectively, 
as summarized in Table I. We found that the 13C chemical 
shifts of these block copolymers are identical with those 
of the homopolypeptides. As expected, no difference in 
chemical shift was observed between the right- and left- 
handed a-helices. Furthermore, signals from the junctions 
between right- and left-handed helices are too small to be 
observed. 

In the random copolymers, however, the intensities of 
additional peaks, designated by the asterisks in Figure 7, 
become prominent when the proportion of L-alanine (or 
D-alanine) is increased, besides peaks from the a-helix 
conformation. For the sample PDLA-RL90, containing 
91% L-alanine and 9% D-alanine, the 13C signals are pre- 
dominantly ascribed to the right-handed a-helix. When 
25% L-alanine residues are randomly copolymerized with 
75% D-alanine residues, the peak intensities of the as- 
terisked peaks are anomalously distributed among the C,, 
C,, and carbonyl peaks; the intensity of the asterisked peak 
in the carbonyl region is almost the same as that of the 
a-helix peak, and the intensity of the asterisked peak in 
the C, region is about 60% of that of the a-helix peak. On 
the contrary, the intensity of the asterisked peak in the 
C, region is very small. Such anomalies in the distribution 
of the peak intensities of the asterisked peaks are also seen 
for samples RL50 and RL60. 

The 13C chemical shifts of the asterisked peaks are very 
close to those of the 0-sheet forms. Assignment of these 
peaks to the @-sheet form, however, is ruled out in view 
of the anomalous peak intensities and also infrared and 
X-ray diffraction data, where no characteristic bands of 
the &sheet form are seen. Itoh et aLZ3 proposed that the 
peaks a t  420 and 478 cm-' in the far-infrared spectra can 
be ascribed to D-alanine residues incorported into the 
right-handed a-helix or L-alanine reisdues incorporated in 

MI 
rL 
ax 

RL 25 
(RD 75) 

RL 50 

I ,  ..-I. . 

Figure 7. 75.46-MHz 13C CP/MAS NMR spectra of random 
copolymers of L- and D-danheS (see Table I). 5OC-100 transients. 

1656 

18001600 1400 600 500 400 300 
WAVENUMBER (~6') 

Figure 8. Infrared spectra of copoly(L-Alafl-methyl-L-Ala)s and 
copoly (L- Ala,N- benzyl-L-Ala)s. 

the left-handed a-helix. The pronounced NMR result 
observed for PDLA-R is consistent with the far-infrared 
result mentioned above. Thus it is noteworthy that ran- 
dom copolymers consisting of L- and D-alanines seem to  
be disturbed to form the 0-sheet form and that 13C chem- 
ical shifts may provide some information as to microcon- 
formation (or local conformation) of polypeptides in the 
solid state. 

Copolymers of L-Alanine wi th  N-Methyl- o r  N- 
Benzyl-L-alanine. Incorporation of N-methyl-L-alanine 
or N-benzyl-L-alanine residues into random copolymers 
with L-Ala residues would result in disruption of some of 
NH-O=C hydrogen bonds which play an important role 
in maintaining the a-helical conformation. As judged from 
the far-infrared spectra illustrated in Figure 8, a peak 
characteristic of the @-sheet form (445 cm-l) increases a t  
the expense of the a-helix peak (375 cm-I) when the pro- 
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portion of N-methyl-L-alanine or N-benzyl-L-alanine is 
increased (for the proportion, see Table I). In agreement 
with this result, 13C peaks from the P-sheet form increase 
together with increasing proportion of N-methyl-L-alanine 
or N-benzyl-L-alanine (Figure 9).37938 No deviation of 
chemical shifts corresponding to the a-helix and (3-sheet 
forms is observed with respect to those obtained from the 
homopolypeptides and oligomers. I t  is interesting to note 
that B-10 and B-20 have a substantially higher P-sheet 
content than M-25 despite the lower content of comonomer 
in the former two compounds relative to the latter. This 
can be explained by enhanced steric hindrance of the 
N-benzyl group as compared with the N-methyl group in 
forming a-helix. 

Z - ( L - L ~ U ) ~ - O C ~ H , .  The 13C chemical shifts of solid 
Z - ( L - L ~ U ) ~ - O C ~ H ~  taking the P-sheet were also measured 
and are included in Table 11. In agreement with the results 
of (Ala),, (Val),, and (Ile),, the shifts of the @-sheet 
forms are significantly displaced relative to those of the 
a-helix. 

Trifluoroacetic Acid Solution. To obtain the 13C 
chemical shifts of the random coil form, we recorded 
high-resolution 13C NMR spectra of poly(L-alanines) and 
oligo(L-alanines) in CF3COOD solution. No chemical shift 
difference was observed in solution among samples with 
different chain lengths. The 13C chemical shifts are sum- 
marized in Table 11. 

Discussion 
Conformation-Dependent Chemical Shifts. We 

found that the 13C chemical shifts of the C,, C,, and car- 
bonyl carbons of Ala residues are substantially displaced, 
depending on the conformation of the residue, e.g., dis- 
ordered, 0-sheet, or a-helix form (Figure 2 and Table 11). 
In addition, exactly the same displacements of the 
shifts as those of the homopolypeptides are seen for the 
block and random copolymers of L- and D-alanines and the 
random copolymers of L-alanine with N-methyl- or N- 
benzyl-L-alanine. We emphasize that such conformation- 
dependent 13C chemical shifts are seen not only for (Ala), 
but also for (Leu),, (Val),, and (Ile), (see Table 11). A 
major advantage of the 13C CP/MAS NMR method over 
X-ray diffraction and infrared spectroscopy is that detailed 
conformational characterization, involving elucidation of 
the conformation of individual amino acid residues, is 
feasible. As demonstrated previously, conformational 
study is still possible even for samples in an imperfect 
crystalline state, although line widths are broadened by 
dispersion of chemical shifts arising from slightly different 
 conformation^.^^ Moreover, conformational differences 
between solid and solution states can be directly compared 
by examining the conformation-dependent 13C chemical 
shifts, as described in more detail later. 

These conformation-dependent 13C shifts are explained 
by the change of electronic state with the dihedral angles 
($ and $). To prove this view, theoretical calculation of 
the I3C chemical shifts on the basis of the electronic states 
obtained by quantum chemical methods is necessary. In 
addition, 13C chemical shifts values of conformers with 
lower stability are easily obtained and can be related to 
solution-state 13C chemical shifts, which are time-averaged 
values of 13C shifts from several conformations in many 
instances. Such an attempt, employing the FPT-INDO 
m e t h ~ d , ~ ~ ? ~ ~  is in progress in our laboratories and will be 
published shortly. With regard to other lines of evidence 
concerning the existence of conformation-dependent 13C 
chemical shifts in biopolymers, we have previously showed 
that the 13C chemical shifts of C-1 and C-4 at the glycosidic 
linkages of the backbone of solid cyclohexaamyloses in- 
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1\1;1: I PLA-200 
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Figure 9. 75.46-MHz I3C CP/MAS NMR spectra of copoly(L- 
Alafl-methyl-L-Ala)s and copoly(L-Ala,N-benzyl-L-Ala)s (see 
Table I). 5OC-1000 transients. 
corporating several kinds of guest molecules may be suc- 
cessfully related to the similar dihedral angles of C-1-0 

chemical shifts of carbons a t  the glycosidic linkages for a 
number of solid polysaccharides are substantially displaced 
downfield relative to those of aqueous solution (up to 5 
ppm).39,- Such downfield shifts were explained in terms 
of rapid conformational isomerism about the glycosidic 
linkages in solution state as a result of the random coil 
form. 

It is worthwhile to compare the conformation-dependent 
13C chemical shifts of (Ala), in more detail with those of 
other polypeptides examined so far:12 (Leu),, (Val),, and 
(Ile),. I t  is meaningless to compare the absolute 13C 
chemical shifts, except for those of C=O carbons (175.5 
f 1 and 171.7 f 1 ppm for the a-helix and @-sheet forms, 
respectively), because the C, and C, carbon chemical shifts 
are mainly determined by the chemical structure rather 
than the conformation of the individual amino acid resi- 
dues. To compensate for the former contribution, we may 
utilize the relative 13C shifts of the a-helix with reference 
to those of the @-sheet form, A, as summarized in Table 
11, for comparison. It is clear from Table I1 that  the A 
values of the carbonyl carbons in (Ala), and (Leu), (4.6 
and 5.2 ppm, respectively) are significantly larger than 
those in (Val), and (Ile), (3.1 and 2.2 ppm, respectively). 
On the other hand, the A values of the C, carbons in the 
latter polypeptides (7.1 and 6.1 ppm). Such differences 
of A values should be ascribed to the conformational 
differences in either the a-helix or @-sheet, or both, be- 
tween the two types of polypeptides. In accordance with 
this expectation, Yamashita e t  al.46 showed that a large 
contraction of the c axis (fiber axis) occurs in (Val), and 

(4) and O,!,-C-4 We also showed that the I@ 

Table I11 
Displacements of "C Shifts due to 

a-Helix Formation (ppm) 

basic poly- 
neutral polypeptidesa peptides"* * 

CP 0.8 0 . 2  3 .0  2 . 3  0.6 0.6 

" I3C shifts of the random coil forms of the neutral and 
basic polypeptides are taken in CF,COOD solution and in 
aqueous solution (pH 7 ) ,  respectively. * a-Helix formed 
in the presence of neutral salt at pH 7 .  

(Ile), in the @-sheet form (c = 6.59 and 6.6 A, respectively) 
relative to that of @-sheet (Ala), (c  = 6.89 A). Such a 
contraction of the backbone was attributed to the forma- 
tion of stable van der Waals contacts among the bulky 
hydrophobic side chains. On the other hand, no such large 
contraction occurs in @-sheet (Ala),, since the methyl side 
chains are too small. Although no detailed conformational 
study of a-helical (Val), and (Ile), was achieved by X-ray 
diffraction, it is likely that the appreciable differences of 
the A values can be partly ascribed to the slight confor- 
mational change of the backbone moiety. 

Comparison of Solid-state I3C Shifts with Those of 
Solution. To probe conformational features of segments 
involving Ala residues of proteins and peptides in solution, 
it is necessary to have a knowledge of displacements of 13C 
chemical shifts with respect to those of the random coil 
conformation. As a reference for the 13C NMR shifts in 
the random coil, we used the values obtained in CF,COOD 
~olut ion.~ '  Displacements of the 13C chemical shifts of 
a-helical (Ala), with respect to those of the random coil 
form are summarized in Table 111, together with the values 
for (Leu),, (Val),, (Lys),, and (Arg),. The displacements 
of the latter two polypeptides were previously obtained in 
our solution NMR data." Except for the case of the 
carbonyl 13C shifts of (Leu), and (Ile),, in which the ion- 
ization effect is dominant over the conformational con- 
tribution because of the addition of a few drops of H2S04 
to solubilize the samples, there appears a general trend that 
the C, and carbonyl carbons of the a-helix are shifted 
downfield relative to those of the random coil form, while 
the C, shifts are displaced upfield. In accordance with this 
observation, we previously showed that the folding be- 
havior of calf thymus histones is well monitored by ob- 
serving the upfield displacements of the C, signals of 
several amino acid residues, especially those of Ala, in- 
volved in the a - h e l i ~ . ~ ~  These results show that 13C 
chemical shifts arising from the random coil conformation 
appear between those of the a-helix and @-sheet forms and 
are quite reasonable since those signals arise from rapid 
conformational isomerism. Nevertheless, the displace- 
ments of the 13C chemical shifts of the C, carbons of (Ala), 
and (Leu), are appreciably smaller than those of other 
polypeptides. It is probable that the population of the 
conformers near the a-helical region is strongly favored 
in (Ala), and (Leu), even in the random coil conforma- 
t i ~ n , ~ ~  although those conformations are not favored in 
(Val), and (Ile),, in which the a-helix conformation is 
destabilized because of the presence of disubstitution a t  
the C, group. 
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