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Abstract 

From the observation of solid-state 13C NMR chemical shifts of L-alanine residues which are contained in some 
peptides, and the 13C chemical shift calculations employing the coupled-Hartree-Fock method with gauge- 
invariant-atomic-orbital, it was found that the 13C chemical shift of the CO-carbon in the L-alanine residue is 
related to the main-chain dihedral angles, 4, $, but that of the ($-carbon is affected not only by dihedral angles but 
also by hydrogen-bonding structure. These results were successfully applied to the structural study of proteins in 
solution, ribonuclease H from Escherichia coli and basic pancreatic trypsin inhibitor. 

Introduction 

Solid-state NMR spectroscopy offers unique 

structural information about the backbone and 

side chains of peptides and proteins [l-4]. It is 
well-known that peptides and proteins are found 

in almost every biological system and that they 

play an important role in biological processes. An 
understanding of how the conformation of pep- 
tides relates to their biological function is very 
important in unraveling the many biological sys- 
tems in nature. The study of model peptides is of 
particular interest because they serve as partial 
model systems for proteins which are too large to 
crystallize easily for X-ray studies and are too large 
to study with conventional solution NMR. We 
have shown that the i3C chemical shift behavior 
of poly(L-alanine) can be interpreted in terms of 
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the change of the electronic structure which occurs 
not only from the change in the main-chain dihe- 
dral angles of the polypeptide but also from the 
intra- or interchain hydrogen bonds [5]. Further- 
more, we have demonstrated that the solid-state 
isotropic chemical shifts of the carbonyl carbons 
in glycine [6] and L-alanine [7] residues which are 
contained in a series of peptides move linearly 
downfield with a decrease of the hydrogen-bond 
length between nitrogen and oxygen (&,..o) deter- 
mined by X-ray or neutron diffraction studies. 
From these investigations, we can see that the 
correlation between the RN...O and the chemical 
shift of the carbonyl carbon in the L-alanine resi- 
due in the solid state is different from that in the 
glycine residue. The correlations for glycine and 
L-alanine residues are as follows. For Gly 

Si,, = 206.0 - 12.4RN...o(A) (1) 
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Fig. 2. A typical 67.8 MHz 13C CP-MAS NMR spectrum of N-acetyl-N’-methyl-[l-‘3C]L-alanine amide in the solid state. 

L-alanine residues in the peptides have dihedral 
angles (4, $I) corresponding to several confor- 
mations such as right-handed o(aR)-helix, antipar- 
allel ,B(P,&sheet, right-handed 31,, (3toR)-helix, etc. 
The 13C signal of the L-alanine C,-carbon in 
poly(L-alanine) which forms the oR-helix confor- 
mation appears upfield, by several ppm, of the 
other conformations; however, the 13C chemical 
shift of the L-alanine CD-carbon in the PA-sheet 
conformation is 21.0 ppm, which is downfield of 
the other conformations. The 13C chemical shift 

mation is 48.7ppm, which appears upfield of the 
other conformations; however, the 13C chemical 
shift for poly(L-alanine) which forms the oR-helix 
conformation is 53.0ppm, which is upfield, by 
several ppm, of the other conformations. The 13C 
chemical shifts of the L-alanine C,- and Cp-carbons 
for the other specified conformations were almost 
intermediate values between those for the oR-helix 
and the PA-sheet conformations. We can recog- 
nize from these results that 13C chemical shifts of 
the C,- and CD-carbons in the L-alanine residue 

of the L-alanine C,-carbon for the PA-sheet confor- in peptides closely relates with the main- 

Table 1 
Observed 13C chemical shifts of L-alanine residue C,- and Cp-carbons for peptides including L-alanine residues in the solid state, 
as determined by “C CP-MAS NMR, and their geometrical parameters 

Sample 13C chemical shift (ppm) Dihedral angle (deg) 

CC2 co 4 11, W 

Ac-Ala-NHMe 49.3, 50.4 18.8, 21.1 -84.3 159.0 173.3 
-87.6 154.8 171.9 

Boc-Ala-Aib-OH 52.3 17.4 -66.3 -24.1 171.8 
Boc-Ala-Pro-OH 49.2 17.2 -95.4 153.6 179.9 
Poly(Ala)a 53.0 15.5 -57.4 -47.5 -179.8 
Poly(Ala)b 48.7 21.0 -138.8 134.7 -178.5 

aWith the oR-helix conformation. 
bWith the &,-sheet conformation. 
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Table 2 
Calculated 13C chemical shifts (ppm) of L-alanine residue C,- and Cq-carbons by the 4-31G -GIAO-CHF method 

Sample C, CD 

%o 011 fl22 033 uiso Cl1 022 u33 

Ac-Ala-NHMe 

Boc-Ala-Aib-OH 
Boc-Ala-Pro-OH 
Poly(Ala)b 
Poly(Ala)C 

43.62 65.19 46.46 18.91 15.94 33.80 11.91 -3.49 
_ _ _ _ _ _ - _a 

45.71 64.74 55.04 26.31 15.84 32.47 19.03 -4.00 
a _ _ - - _ _ _ 

45.52 61.93 43.69 30.93 15.72 28.16 22.14 -3.16 
44.73 62.02 41.53 24.64 18.14 37.06 21.10 -2.53 

aThe chemical shifts could not be calculated because of SCF failures. 
bWith the cYR-helix conformation. 
‘With the PA-sheet conformation. 

chain conformation. However, since the term 
“main-chain conformation” of the peptide implies 
not only the main-chain dihedral angles (4, $J) but 
also the hydrogen-bonding structure (hydrogen- 
bond length and angles), it is not apparent yet 
whether 13C chemical shifts of the L-alanine C,- 
and C+arbons should be governed by the 
dihedral angles for the L-alanine residue moiety. 
In order to estimate the contribution of changes 
of the dihedral angles to the 13C chemical shifts 
of the L-alanine residue C,- and CD-carbons, we 
calculated the i3C chemical shifts of L-alanine resi- 
due C,- and Cp-carbons by the GIAO-CHF 
method with the 4-31G basis set. AC-L-Ala- 
NHMe was used for the chemical shielding con- 
stant calculations as shown in Fig. 1. Table 2 sum- 
marizes the calculated isotropic chemical shifts 
(q,,) and the principal values of chemical shift 
tensor (all, az2, and a33; oll > 022 > as3) of L-ala- 
nine residue C,- and Q-carbons with the dihedral 
angles of the L-alanine moiety. The calculated iso- 
tropic chemical shift of the L-alanine residue CD- 
carbon is 18.74 ppm when the dihedral angles (4, $) 
correspond to the /)*-sheet conformation. This cal- 
culated chemical shift is displaced downfield rela- 
tive to the other conformations; however, the 
calculated chemical shift for the au-helix confor- 
mation is displaced upfield relative to the others. 
The experimental results can be reasonably under- 
stood from these calculations. Moreover, the 
behavior of the principal values of the calculated 

chemical shift tensor offers information about the 
three-dimensional electronic structure of a mol- 
ecule. Then, as seen from Table 2, the difference 
between the calculated isotropic 13C chemical 
shifts of the Cp-carbon for the dihedral angles, 
4, II, = -138.8”, 134.7”, which corresponds to the 
PA-sheet conformation, and for the dihedral 
angles 4, + = -57.4”, -47.5”, which corresponds 
to the crR-helix conformation, is dominated by 
all. However, the difference between the chemical 
shifts for the @*-sheet conformation and for the 
3,sR-helix conformation is dominated by not only 
cl1 but also a22. In order to understand the corre- 
lation between the principal values and molecular 
structure, information is needed about the orien- 
tation of the principal axis system of a chemical 
shift tensor with respect to the molecular fixed 
frame. The chemical shift tensor orientation will 
be discussed below. 

The calculated isotropic 13C chemical shifts of 
the L-alanine residue C,-carbon in some peptides 
are shown in Table 2. First, the calculated isotropic 
chemical shift of the L-alanine residue (&-carbon is 
not sensitive to the difference in the main-chain 
dihedral angles of the L-alanine moiety. However, 
the experimental isotropic chemical shift indicates 
the explicit “conformational” dependency. It is 
thought that this discrepancy between the exper- 
imental and calculated results may be caused by 
hydrogen-bonding effects on the chemical shift 
of the L-alanine C,-carbon because, in the 



124 N. Asakawa et al./J. Mol. Strut. 317 (1994) 119-129 

Fig. 

(a) a,-helix 

(c) 3,0K -helix 

W 

(4 

022 

022 

022 

3. Orientation of the principal axes of the calculated 13C chemical shift of the L-alanine residue +carbon: 
(4,$) = -57.4,47.5”(aR-helix); (b) -138.8,134.7 @*-sheet); (c) -66.3, -24.1”(310R-helix); (d) -84.3,159.0”. 

(a) 

calculation, hydrogen bonding is not taken into 
account, but in the crystalline state hydrogen bonds 
are formed. The calculated principal values of the 13C 
chemical shift tensor of the L-alanine Q-carbon are 
also listed in Table 2. The calculated principal values 
for several main-chain dihedral angles are consider- 
ably different from each other. Moreover, since the 
orientation of the principal axes of the chemical shift 
tensor with respect to the molecular frame varies, the 
behavior of the principal values are complicated. This 
will be discussed below. 

Orientation of the principal axis system of the 
calculated chemical shift tensor with respect to the 
molecular fixed frame 

As mentioned above, the principal values of the 
chemical shift tensor give information about the 

three-dimensional electronic structure of a mol- 
ecule. However, in order to understand the behav- 
ior of the principal values, information is needed 
about the orientation of the principal axis system of 
a chemical shift tensor with respect to the molecu- 
lar fixed frame. Figures 3(a)-3(d) show the calcu- 
lated orientations of the principal axis systems of 
the chemical shift tensors of the L-alanine Cp-car- 
bons in some peptides whose L-alanine moieties 
have different main-chain dihedral angles: 
(4, +) = -57.4, -47.5” (aR-helii); -138.8,134.7” 
@*-sheet); -66.3, -24.1”(310R-helix); -84.3, 159.0”, 
(the helix near the 3,-helix). Figures 3(a)-3(d) show 
that the cr33 component nearly lies along the C,-CD 
bond for all peptides considered here, and they also 
show that the a1 1 is nearly perpendicular to the plane 
which is defined by the C,, C,, and N atoms in the 
L-alanine residue; uz2, however, is parallel with 
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respect to the plane. These results agree with the 
experimentally determined direction of g33 of the 
CD-carbon in L-alanine amino acid by Naito et al. 
[ 191. As seen from Table 2, the cl1 component for 
the dihedral angles corresponding to the PA-sheet 
conformation is 37.06ppm. This shows a downfield 
shift of about 9 ppm with respect to that for the aR- 
helix conformation. This result means that the gI1 
dominates the downfield shift on the isotropic chemi- 
cal shift of the Cq-carbon for the PA-sheet conforma- 
tion. Since the (~,t does not orient to a specified 
chemical bond, it is not easy to comprehend intui- 
tively the chemical shift tensor behavior of the Co- 
carbon. However, it is obvious that the through- 
space interaction between the CD-methyl group and 
its surroundings is important in understanding the 
ol, behavior. 

Figures 4(a)-4(d) show the calculated orien- 
tations of the principal axis systems of the chemi- 
cal shift tensors of the L-alanine C,-carbons in the 
peptides with respect to the molecular frames. As 

01 I 

3,,,K-helix t 

seen from these figures, the calculated orientation 

of the principal axis system for the &-carbon is 
quite different from sample to sample. For all the 
dihedral angles employed in the calculations, the 
m33 component of the 13C chemical shift tensor in 
the r_-alanine C,-carbon always lies along the C,- 
C’ bond. However, for the dihedral angles (4, $) = 
-57.4, -47.5” (aR-helix), -66.3, -24.1” (3toR- 
helix), and -84.3, 159.0”, the oll component lies 
along the slightly deviated direction from the C,- 
C, bond; and for (4, $J) = -138.8,134.7”, PA-sheet, 
the m22 component is along this direction. As shown 
in Table 2, the principal value which is nearly along 
the C,-CD bond is 47.53 ppm for the /IA-sheet form, 
61.93 ppm for the aR-helix form, 64.74 ppm for the 
3,0R-helix form, and 65.79ppm for (4, $) = 
-84.3,159.0”, (the helix near 3,-helix). The change 
of the dihedral angles causes the large deviation of the 
chemical shift tensor element which is along the C,- 
CD bond. Moreover, since c33 depends on changes 
from one dihedral angle to another, it is obvious that 

011 

(b) PA-sheet 

t 

011 

(d) (-84.3,159.0) 
t 

Fig. 4. Orientation of the principal axes of the calculated 13C chemical shift of the L-alanine residue C,-carbon: (a) -57.4,47.5” 
(crR-helix); (b) -138.8,134.7”, &-sheet); (c) -66.3, -24.1”, (310R-helix); (d) -84.3,159.0”. 
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there exists the explicit dihedral angle dependency on 
g33. Then, it is thought that if the carbonyl group in 
the L-alanine residue forms a hydrogen bond, 033 will 
probably be affected. The principal values of the 
chemical shift tensor of the L-alanine C,-carbon in 
peptides have not been measured yet, because the 
chemical shift anisotropy is not large enough to accu- 
rately evaluate. However, since some experimental 
methods for the detection of a small degree of che- 
mical shift anisotropy have been developed recently 
[20], we are trying to measure the principal values of 
the chemical shift tensor of the L-alanine &-carbon. 
We are also trying to determine the mutual orienta- 
tion of the principal axis systems of the chemical shift 
tensor for the L-alanine carbonyl and C,-carbons by 
using the y1 = 3 rotational resonance method 1211. 

Nagayama carried out the assignments of back- 
bone carbons of a large protein, RNase H, 
extracted from Escherichia coli, which consists of 
155 amino acid residues and has a molecular mass 
of 17.6 kDa (see, for example, ref. 22). The samples 
were dissolved in 0.1 M deuterated acetate buffer of 
80% H20/20% D20, pH5.5. It was also found 
that the structure of RNase H, determined by 
NMR, agreed with that obtained from the X-ray 
diffraction study [23,24]. From these results, it is 
obvious that the main-chain conformation of 
RNase H in the solution state is quite similar to 
that in the crystalline state. 

13C chemical shifts of the Cp-carbons of the 
L-alanine residues in RNase H 

Application to the structural study of proteins 

Using two- and three-dimensional NMR and 
isotopic labeling techniques, Yamazaki and 

Table 3 

The correlation between the 13C chemical shifts 
of a peptide and its backbone conformation is of 
great interest for structural elucidation. We carried 
out calculations of the isotropic t3C chemical shift 

Geometrical parameters of L-alanine residues in RNase H and BPTI determined by X-ray diffraction studies and 13C NMR 
chemical shifts of the carbonyl C,-, Cp-carbons in the corresponding residues 

Amino acid 
residue 

Dihedral angle 

(deg) 

Hydrogen-bond 
length (A) 

Observed 
chemical shift (ppm) 

Calculated 
chemical shift (ppm) 

4 * W @N-O) C’ C, C, C, C, 

A24 -144.6 134.7 178.7 2.83 173.7 49.2 21.3 45.35 18.54 

A37 -160.5 150.4 179.9 3.27 172.1 50.2 19.7 45.93 17.41 

A51 -55.2 -46.1 -179.1 3.20 175.5 53.3 19.3 45.56 15.68 

A52 -71.3 -35.4 -178.6 3.24 176.1 52.7 15.3 45.32 15.70 

A55 -65.8 -49.2 178.1 3.30 175.6 52.7 17.2 45.07 15.63 

A58 -81.0 -11.5 176.8 - 176.1 51.2 17.2 45.14 16.73 

A93 -62.4 -22.9 -179.0 - 175.8 53.1 16.0 45.87 15.94 

A109 -53.5 -49.9 -177.5 3.22 178.4 52.9 15.8 45.46 15.80 

All0 -72.2 -25.6 180.0 3.30 178.1 52.7 16.5 45.46 15.91 

Al25 -66.5 123.7 -179.8 - 176.1 50.8 16.4 45.54 14.86 

Al37 -53.7 -57.3 179.8 3.25 177.3 53.5 16.6 45.09 15.97 

Al39 -67.4 -38.4 177.7 - 178.9 52.9 15.7 45.40 15.57 

A140 -67.6 -41.7 -179.0 3.06 177.7 52.7 15.3 45.31 15.56 

A141 -60.5 -22.9 -178.9 3.31 175.8 52.7 16.0 45.94 16.00 

Al6 -76.2 172.0 170.6 ~ _ 50.5 18.5 

A25 -62.3 -28.0 177.0 ~ _ 53.0 17.5 

A27 -82.9 -23.1 -178.7 - 176.3 50.5 19.0 

A40 -62.5 151.1 170.6 - 176.9 52.5 18.5 

A48 -61.7 -35.9 -179.4 2.80 177.9 53.5 16.0 
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of the CD-carbons in the L-alanine residue by apply- 
ing the GIAO-CHF method. The calculated shifts 
are shown in Table 3. A comparison of the calcu- 
lated and experimental 13C chemical shifts are 
shown in Fig. 5. From this, it is clear that the 
isotropic 13C chemical shift of the r_-alanine CP- 
carbon is related to the main-chain dihedral angles 
of the L-alanine residue moiety of RNase H in 
aqueous solution. In this Figure, the observed 
chemical shift behavior of the r_-alanine residue 
Cp-carbon is generally similar to that of the 
RNase H Co-carbon in aqueous solution. More- 
over, by using this comparison between the exper- 
imental and the calculated chemical shifts, an 
interaction between the L-alanine CD-carbon and 
its surroundings, solvent molecules (H20) or side 
chains of the adjacent amino acid residues can be 
elucidated. For example, the data for A58 and 
A125, as shown in Fig. 5, deviate from the corre- 
lation curve. These L-alanine residues do not form 
any hydrogen bonds in the protein; that is, the 
solvent molecules or side chains of adjacent resi- 
dues may be proximate to the Cp-methyl group. 
From such a situation, it is thought that the iso- 
tropic chemical shifts for the A58 and Al25 C,- 
carbons are affected by not only their main-chain 

14 15 16 17 18 19 20 21 22 

Observed 13C chemical shift (ppm from TMS) 

Fig. 5. Comparison of the calculated chemical shifts with the 
observed shifts of the L-alanine residue CD-carbons in some 
peptides in the solid state (w) and in RNaseH in solution 
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Fig. 6. Comparison of the calculated chemical shifts with the 
observed shifts of the L-alanine residue ($-carbons in some 
peptides in the solid state (w) and in RNaseH in solution 

(0). 

dihedral angles but also by the above mentioned 
interactions. It is important to detect these inter- 
actions when studying the functional aspects of a 
protein. The detection of such interactions in solution 
can only be done by solid-state NMR measurements 
and chemical shift calculations, as well as solution 
NMR and X-ray diffraction studies. 

13C chemical shifts of the C,-carbons of the 
L-alanine residues in RNase H 

We also carried out chemical shift calculations of 
the L-alanine residue C,-carbons by the GIAO- 
CHF method with a 4-31G basis set. In this calcu- 
lation, Ac-r_-Ala-NHMe with the dihedral angles 
($, $) was employed. The experimental and calcu- 
lated isotropic chemical shifts are shown in Table 3. 
A comparison between the experimental and the 
calculated 13C chemical shifts is shown in Fig. 6. 
From this Figure, it was found that there is no 
clear relationship between the experimental and 
calculated chemical shifts. This is because we car- 
ried out the calculation without taking account of 
the hydrogen-bonding effect. 
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‘-‘C chemical shifts of the carbonyl carbons of the 
L-alanine residues in RNase H 

Figure 7 shows the plots for the 13C chemical 
shifts of the r_-alanine residue carbonyl carbons in 
RNase H against the R,.... values obtained from 
the X-ray diffraction study. A solid, straight line in 
Fig. 7 was obtained from Eq. (2). In this Figure, 
there are many data points which have large devi- 
ations from the solid, straight line from Eq. (2). It is 
thought that this is not caused by the difference 
between the secondary structure in the solid state 
and that in aqueous solution, but by the lack of 

2.6 2.8 3.0 3.2 3.4 

Rt+o~N 
Fig. 7. Plots of the observed chemical shifts of the L-alanine 
residue carbonyl carbons in RNase H and BPTI in the aque- 
ous solution against the hydrogen-bond lengths (RN...o). The 
straight line is the correlation between the observed 13C 
chemical shifts of the L-alanine residue carbonyl carbons 
in some peptides in the solid state and their RN...0 values 
reported previously [7]. 

accuracy of the RN..,O values as determined by 
X-ray diffraction. Since structural analysis of 
proteins by X-ray diffraction gives covalent-bond 
lengths and bond angles with an accuracy of 
lo-* A, then the main-chain dihedral angles can 
be determined with sufficient accuracy [24]. In the 
case of a small protein such as BPTI, the hydrogen- 
bond length can be accurately determined [25]. 
Therefore, the datum for the carbonyl carbon of 
A48 in BPTI lies on the solid, straight line 
from Eq. (2) as shown in Fig. 7 [26]. However, 
through-space internuclear distances such as 
hydrogen-bond length in larger proteins (such as 
RNase H) determined by the X-ray diffraction 
study may include a large experimental error 
(about 0.3A) which results in accumulated errors 
of the main-chain dihedral angles [24]. This means 
that for the structural elucidation of larger proteins, it 
is useful to utilize chemical shifts of the carbonyl 
carbon as an indication of hydrogen-bond lengths. 

Conclusion 

It is shown that 13C chemical shifts of the 
L-alanine residue Cp-carbons in peptides in the 
solid state and in proteins in aqueous solution give 
information about the dihedral angle of the main- 
chain of the L-alanine moiety. However, the hydro- 
gen-bonded structure as well as the dihedral angles 
affects the t3C chemical shifts of the C,-carbon in a 
complicated way. These results were obtained by the 
4-31G GIAO-CHF calculation on the 13C chemical 
shifts. Although there exists the experimental 
relation that the 13C chemical shift of the L-alanine 
residue carbonyl carbon in solid peptides moves 
downfield linearly with a decrease of RN,..o, 
we could not find such a relation with the 13C 
chemical shift of the L-alanine carbonyl carbon 
in ribonuclease H in aqueous solution. This is 
because RN,,,O values, determined by X-ray diffrac- 
tion, inevitably include large experimental errors. 
Therefore, the chemical shifts of the carbonyl 
carbons in peptides and larger proteins can be 
used as an indication of hydrogen-bond length. 
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