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Abstract: The gauge independent atomic orbital (GIAO) method was used to explore the change in the chemical shift
(Ad) with respect to the dihedral angle for glycine, H,NCH,COOH (1), and glycine amide, H,NCH,CONH, (2), at
the GIAO-SCF/6-311G**//RHF/6-31G*, GIAO-SCF/6-311G**//MP2/6-31G*, and GIAO-MP2/6-311G**//
MP2/6-31G* levels of theory. The absolute chemical shielding depends strongly on the geometry and the level of theory
at which the NMR chemical shielding is calculated. The change of the chemical shifts as a function of the backbone
angle ¥, however, depends only slightly on the level of theory. Both 1 and 2 are able to reproduce the difference in
the chemical shifts for the methylene carbon (C,) that is found for the a-helix and the 8-pleated sheet. The chemical
shifts of the diastereotopic hydrogens, that are bound to C,, depend strongly on the positions of the carboxyl and

carbamide moieties.

Introduction

The solution structure of a protein or peptide is in many cases
identical to the biologically active structure that is found in vivo,
because living cells exist inan aqueous environment.2 Until about
15 years ago, X-ray crystallography was the only method to obtain
structural information. Moreover, as discussed in detail by Kessler
for cyclic peptides,? the structure in the crystal can differ
considerably from that in solution for biomolecules. The
structures of peptides in solution are now obtained by NMR
methods including two- and three-dimensional Fourier-transform
(FT) NMR experiments.* In a typical structure determination
the NMR signals are assigned first. The nuclear Overhauser
enhancement (NOE) effects between protons that are located at
a shorter distance than approximately 5.0 A from each other but
belong todifferent parts of theaminoacid sequence are determined
next. In a possible structure of the peptide the above pairs of
protons must be closer than 5 A toeach other. Distance—geometry
algorithms, which use relatively simple force fields, perform a
restricted geometry optimization to find possible spatial structures
that contain the required HH distances.* Finally, using the
Karplus equation, dihedral angles are deduced from vicinal
coupling constants (3J).56

NMR chemical shift information is not normally used to help
deduce structural information, because the dependency of the
NMR chemical shifts on the conformation is not well-known.
Only inspecificcases, e.g. todetermine if a proline residue contains
a cis or trans amide linkage, are chemical shifts employed.”

To establish this conformation—-NMR shift relationship, two
experimental approaches have been taken. The firstistomeasure
the solid-state NMR shifts of proteins, whose X-ray structures
areavailable.>-!! Thesecond is toassume that the crystal structure
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is maintained if the protein is dissolved and measure the NMR
spectrum in solution.!2 Both methods provide information on
the dependence of the NMR chemical shieldings on geometrical
changes. However, the chemical shifts also depend on the side-
chain conformation and crystal-packing effects, which complicate
the analysis of the factors that influence 8.° If the NMR is taken
in solution, the structure is not known well enough to determine
structure—shift dependencies reliably. The problem is that small
structural changes cannot be excluded. Finally, an experimental
correlation between the chemical shifts and the conformation is
limited to those secondary, or backbone, conformations that are
represented in the actual molecule.

An alternative approach is to compute the dependencies of the
NMR chemical shifts on the conformation using ab initio theory.
Methods like IGLO,!*-17 LORG,!3-20 GIAO,2!-25 and GIAO-
MP22627 allow the prediction of the NMR chemical shifts and
have been used successfully to elucidate the structures of boranes
and carboranes,?®-3! have helped to reconfirm unusual NMR
shifts,32 and have elucidated long known NMR effects on a
theoretical basis.?> Furthermore, the absolute NMR chemical
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shieldings have been computed for a large number of molecules. !’
In general, the relative chemical shifts that are obtained show
good agreement with experimental data.

Chemical shifts have already been computed ab initio for
peptide structures. De Dios, Pearson, and Oldfield found good
agreement between GIAO NMR chemical shifts and the
experimental values for the C,- and Cgz-carbons as well as for
nitrogen ('*N) and fluorine ('°F) atoms of selected residues in
protein models.?* In addition, they claim that the various
parameters, which affect the chemical shifts (bond length, bond
angle, and dihedral angle) are not coupled and can therefore be
treated separately.’> Laws et al. reproduced the chemical shifts
of the C,-carbon using the GIAO method.?¢ Jiao, Barfield, and
Hruby showed that IGLO calculations can reproduce the shift
difference between the syn- and anti-conformation for the
N-methyl group in simple amides.?’” They also used the IGLO
program to obtain the chemical shielding surface for C, of
N-acetyl-N"-methylglycinamide and are able to reproduce the
experimental values for Ca but not for C©.33 Chestnut and Phung
pointed out that the NMR chemical shieldings of glycine dipeptide,
computed with the GIAO method, are affected by intra- and
intermolecular hydrogen bonding. Furthermore, they showed
that an NMR-shift computation that uses large basis sets for the
atoms of interest and small basis sets for all other atoms (the
“locally dense” approach) can give acceptable results.?*#! The
molecular geometries that are used in the NMR-shift calculations
may be obtained either from ab initio calculations??-40:42-45 or
from crystal structures.3’

We chose the simplest aminoacid, glycine (1), as well as glycine
amide (2), because it contains the amide moiety found in all
peptides for this study. We have evaluated the dependence of the
NMR chemical shieldings on the conformations of 1 and 2

Oy

pro-S H pro-R H

Oco

1 2

employing both GIAO-SCF and GIAO-MP2. The usefulness of
such knowledge for conformational assignments was shown by
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Figure 1. Definition of the backbone angles ¢ and ¥, shown for analanine
residue (¢ =y = 180°). Thedihedral angle CO-N-C,-C? is designated
@, and the dihedral angle N-C,—CO-N is designated . The eclipsed
conformer has ¢ = 0° and ¥ = 0°. Rotation to the right is counted
positive.

Buchanan, Morat, and Kirby.4¢ Their GIAO computations of
ethylene glycol revealed that 6 '3C changes over a range of 8 ppm
when the torsional angle between the two carbon atoms is changed
in 20-deg increments going from 0° to 180°. Comparison with
experimental NMR data confirmed their structural assignment
for an 18-crown-6 ether derivative.

The backbone conformation of peptides is defined by the angles
¢ and ¢. The dihedral angle N-C_,~CO9-N is called ¢, and the
dihedral angle CO-N-C,—CO is called ¢.4” By definition, the
eclipsed conformer has ¢ = 0° and ¢ = 0°. Rotation to the right
iscounted positive. Figure 1 shows thesedefinitions foranalanine
residue. For both ¢ and ¢, several values exist that correspond
to known minima structures for peptides. These define allowed
regions in a Ramachandran plot.#” For 1 and 2 the torsional
angle, ¥, which we used as the reaction coordinate, was defined
as the dihedral angle N-C,—C9%-Qgy for 1 and N-C,-CO-N for
2, in analogy to the backbone angle ¥ in peptides.

The NMR chemical shieldings of 1 and 2 were evaluated at
the SCF level of theory with the GIAO algorithm as implemented
in TX90 for each increment of ¢ of 10°. In addition, GIAO-
MP?2 shifts were computed with the ACES 2 program*® for the
MP2/6-31G*-optimized structures of both molecules with Y =
0°, 60°, and 120°. Since only the effect of Y was investigated,
the influence of ¢ on the NMR chemical shifts is not known.
Moreover, since the amino nitrogen in 1 and 2 is sp*-hybridized
and not planar as in a peptide, some additional influence, that
isnot found in proteins, cannot be excluded. However, our results
indicate that the shifts of atoms that do not belong to the amino
group are only moderately affected by changes in the orientation
of the amino hydrogens.

The questions we are interested in answering are (1) What is
the magnitude of the changes in chemical shielding for the various
atoms in our model compounds? (2) Is it sufficient to calculate
the chemical shifts at the SCF level of theory, or do correlated
methods (GIAO-MP2) give different results? (3) What level of
theory should be used for the geometry optimizations? (4) Will
the structures of our simple molecules with a dihedral angle ¢
that corresponds to a a-helix or a 3-pleated sheet show the same
difference in the chemical shielding as determined experimentally
for peptides?4%30 (5) To what extent does the relative position
of the carboxyl or carbamide group influence the relative chemical
shielding and the difference in the NMR chemical shifts between
the diastereotopic protons at the methylene carbon of the glycine
moiety? This is of interest, because a correlation between the
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latter and the backbone structure exists, which allows a structural
assignment.’!

Computational Details

The geometries used in the NMR chemical shift studies were optimized
using the self-consistent-field (SCF) analytic gradient method CADPAC
5.1.52 Harmonicvibrational frequencies were computed with SCF analytic
second-derivative methods. Saddle points were located using the Schlegel
method.*? For glycine (1) the dihedral angle NH,~C,~C©-Ooy and for
glycine amide (2) the dihedral NH;—C,~CP-N_miqe Were used as the
reaction coordinates. The potential energy surface, local minima, and
transition states were computed fully. An RHF/6-31G* structure was
minimized for each dihedral angle increment of 10°. In addition, a
structure for y = 0°, 60°, and 120° was optimized at the MP2/6-31G*
level with Gaussian 92.5% The SCF NMR chemical shift calculations
employed the TX90 program?® with its implementation of the GIAQ?2!-24
method and the standard 6-311G** basis set.’> The MP2 NMR shift
calculations were performed with the ACESII program package?26:27:48
and employed the same basis set.

The calculations were carried out on IBM RS-6000 workstations at
the Center for Computational Quantum Chemistry and an Indigo-Iris
at the Department of Chemistry, University of Georgia, Athens.
Geometry optimizations (RHF/6-31G*) took ca. 1-2 h, GIAO-SCF shift
calculations 70 min, and GIAO-MP2 shift calculations 10 h each on an
IBM RS-6000/580 workstation. Foran IBM RS-6000/530 workstation
these benchmarks must be multiplied by a factor of 2.5.

Results and Discussion

Geometries. In agreement with recent results,’6:57 the global
minimum of glycine has Cs symmetry and ¢ = 180°. A second
minimum, at a torsional angle of 0°, has C; symmetry and is 1.9
kecal/mol higherinenergy. The global minimum for glycine amide
is located at y = 165°. A second minimum, 1.3 kcal/mol higher
in energy, was found at 2°. The structure with ¢ = 180° has C,
symmetry and resembles a distorted version of the global
minimum. The main difference is that for ¥ = 165° the two
hydrogens bound to the amino nitrogen form hydrogen bonds of
a different length with the carbonyl oxygen. Uptoy = 110° a
structure with one amino hydrogen oriented anti-coplanar to the
carbon—carbon bond is lowest in energy (2a). In the remaining
structures both hydrogens form hydrogen bonds with the carbonyl
oxygen (2b).

¢

Cl)

2a 2b

NMR Chemical Shifts. Equation 1 was used whenever we
were interested in the relative change of the chemical shifts, 4.
We used the absolute shielding, o, at ¢ = 0° as o,. A more
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Table 1. Absolute Chemical Shielding for Some Atoms of Glycine
(1) and Glycine Amide (2)°
angle ¥ method® 0° 60° 120°
Glycine
€, I 153.2 151.9 153.7
I 150.6 149.9 151.4
I 150.3 149.0 151.3
co | 20.9 225 19.5
[l 9.5 10.9 7.4
Il 21.5 28.4 25.1
Oc—0 I -57.7 -75.6 -54.5
11 -88.2 -108.6 -85.9
111 -49.9 -65.1 -46.3
Glycine Amide
C; | 153.0 149.8 150.9
11 150.5 147.5 148.7
11 150.1 146.0 148.3
e I 20.0 18.7 18.3
I 10.1 1.7 1.3
111 30.5 27.9 26.9
Oc=—0 I -41.7 -87.2 -42.0
11 -63.8 -114.0 -67.9
111 -38.7 -81.8 -39.8
Namide | 179.6 180.6 176.9
I 170.9 171.6 168.2
11 179.8 179.8 177.5

@ The absolute chemical shielding is very dependent on the geometry
and electron correlation for all atoms except C,. However, the relative
change in the chemical shielding with respect to the torsional angle is
almost the same for I, I, and III. This suggests that once the chemical
shifts have been computed at a high level of theory for one conformation,
the chemical shifts for other conformations can be obtained with less
extensive computations. ® (I) GIAO-SCF/6-311G**//RHF/6-31G*,
(IT) GIAO-SCF/6-311G**//MP2/6-31G*, and (I11) GIAO-MP2/6-
311G**//MP2/6-31G*.

ppm

vy
Figure 2. Absolute chemical shielding calculated for Oc—g of glycine
amide at the GIAO-SCF/6-311G**//MP2/6-31G* level (first bar),
GIAO-MP2/6-311G**//MP2/6-31G* level (second bar), and GIAO-
SCF/6-311G**//RHF/6-31G* level of theory (third bar) for 0°, 60°,
and 120° torsion. (The first bar corresponds to the left-most bar in each
set.)

=arer_d (1)

detailed explanation of the relationship between ¢ and é is found
elsewhere.!”-?!

For the future application of NMR chemical shift calculations
to proteins and peptides, it is important to know how the results
depend on the quality of the geometry that is used. Even more
so, the effects of electron correlation have to be elucidated. Hence,
we have computed GIAO-SCF chemical shieldings, o, for RHF/
6-31G*- and RMP2/6-31G*-optimized geometries of 1 and 2
for ¢ = 0°, 60°, and 120°. For the MP2 geometry ¢ was also
computed with the GIAO-MP2/6-311G** method. Forallatoms
the absolute chemical shielding decreases, when an MP2-
optimized geometry is used instead of an RHF-optimized one
(Table 1). For Oc—o the difference is up to 30 ppm (Figure 2),
for Namige and CO, 8-12 ppm, and for C, 2-3 ppm (Figure 3).
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Figure 3. Absolute chemical shielding calculated for C, of glycine amide
at the GIAO-SCF/6-311G**//MP2/6-31G* level (first bar), GIAO-
MP2/6-311G**/ /MP2/6-31G* level (second bar), and GIAO-SCF/
6-311G**//RHF/6-31G* level of theory (third bar) for 0°, 60°, and
120° torsion. (The first bar corresponds to the left-most bar in each set.)

30

ppm

Figure 4. Difference in the chemical shifts for C, of 1 and 2 between
an a-helix and a 8-pleated sheet computed at the GIAO-SCF/6-311G**/
/MP2/6-31G* level (first bar), GIAO-MP2/6-311G**//MP2/6-31G*
level (second bar),and GIAO-SCF/6-311G**//RHF/6-31G* level (third
bar). The numbers on the x-axis correspond to glycine and glycine amide.
(The first bar corresponds to the left-most bar in each set.)

The values for the absolute chemical shielding o, which are
obtained with the GIAO-MP2 method, exceed the corresponding
GIAO-SCEF results for the same geometry by up to 30 ppm for
Oc—o (Figure 2) and 8-12 ppm for Nymi¢e. For CO they increase
by ca. 20 ppm. For C, only with ¢ = 60° a larger difference of
1-2 ppm is observed (Figure 3). Despite the sensitivity of the
absolute chemical shielding on the geometry and correlation
effects, the change of the absolute chemical shielding with respect
to the torsional angle is qualitatively the same for all three
computations (Table 1). Hence, it may be sufficient to compute
GIAO-MP2 shifts for only one conformer and use the relative
changesthat are obtained at the SCF level to estimate the chemical
shifts for other conformers. For C, however, this procedure will
not give very accurate results, because the difference between the
GIAO-SCF and GIAO-MP2 results is not the same for conformers
with different . Therefore, in order to be able to predict the
chemical shifts in proteins accurately, small model systems have
to be explored first to determine the influence of electron
correlation.

Studying a large number of peptide shifts, Spera and Bax have
found that the a-carbons of amino acid residues in an a-helix (Y
= -60°) are shifted downfield by 4-5 ppm as compared to those
ina B-pleated sheet (Y = 120°).4° Inorder toevaluate our simple
model systems, we compared the difference between the chemical
shifts of C, and CO 8 at y = 60° (for glycine and glycine amide
6 for —60° and 60° are the same, since they are not chiral) and

(58) For 'O no comparison could be made, because no experimental data
are available.
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glycine armide (2)

ppm

glycine (1)

T T T T T
0 20 40 60 80 100 120 140 160 180

s

Figure 5. Change in the NMR chemical shifts of the a-carbons of 1 and
2 as a function of the torsional angle (y) at the GIAO-SCF/6-311G**/
/RHF/6-31G* level. The solid lines correspond to the shifts that are
obtained for the a-helical- and 8-pleated-sheet-like structures. For 1 the
difference between both structures is 1.8 ppm (a). For 2 there are two
possible values: 1.1 ppm (b) using structure 2b at 120° or 1.9 ppm (c)
with the second amino hydrogen still anti-coplanar to the carbon—arbon
bond. We favor c, since it corresponds to a continuous curve.

glycine amide

Ppm

020 4 glycine
0.30 4
-0.40 T T T T T T T T
0 20 40 60 80 100 120 140 160 180

v

Figure 6. Change in the chemical shielding for the pro-R-hydrogen of
1 and 2 as a function of the torsional angle () at the GIAO-SCF/6-
311G**//RHF/6-31G* level. The a-hydrogen of 2 shows a much
stronger dependence on ¥ than the a-hydrogen of 1.

¥ = 120° for 1 and 2. For C, the difference is between 1.5 and
2.3 ppm for 1 and between 1.1 and 2.3 ppm for 2 (Figure 4).
GIAO-MP2 gives the largest difference, 2.3 ppm. In a peptide
all nitrogen atoms of the backbone form amide linkages with the
CO of the neighboring residues (Figure 1). They have only one
hydrogen left that can interact with the rest of the molecule.
Therefore, a geometry for 2 with ¢ = 120°, that still has one
hydrogen pointing away from the rest of the molecule (similar
to 2a), mimics the peptide moiety more closely, although this
geometry lies slightly higher in energy for ¥ = 120° than 2b. For
this structure the difference for 2 becomes 1.9 ppm at the GIAO-
SCF/6-311G**//RHF/6-31G* level. Since, in addition, the
1.9 ppm value coresponds to a steady curve, we consider it to be
more accurate. However, for C° 1 and 2 do not reproduce the
difference in the chemical shielding between an a-helix-like
structure and a B-pleated-sheet-like structure correctly. Since
theincorrect result is reproduced at all levels of theory, we believe
that our model is too limited to reproduce the right shielding for
CO, because it does not account for the effect of a second carbonyl
group whose relative position is determined by ¢. Interaction of
the two w-systems with each other should affect the chemical
shielding at CO. Another contributing factor may be the neglect
of interresidue hydrogen bonding.

From a comparison with a plot of the NMR chemical shielding
of C, in N-acetyl-N"-methylglycinamide versus  and ¢,® it can
be seen that the change in the NMR shifts of C, with respect to
¥ does not depend on the value of ¢. A plot of the chemical shift
of C, versus ¥ has a very similar shape for all values of ¢. We
conclude that glycine and glycine amide allow a correct description
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Figure 7. Change in the difference between the diastereotopic protons of glycine (black) and glycine amide (shaded) as a function of the torsional
angle y at the GIAO-SCF/6-311G**/RHF/6-31G* level. The absolute chemical shielding of the pro-S-proton was subtracted from the absolute
chemical shielding of the pro-R-proton. Since the structures of glycine amide at ¥ = 0° and y = 180° do not have C; symmetry, the NMR chemical

shifts of the diastereotopic protons are not equal.

of the changes in the chemical shielding for the a-carbon of
peptides due to changes in y. Since 1 and 2 both have no side
chain, the size of the effect is smaller than for other amino acids.
Figure 5 shows the change of the shift for the a-carbon over the
full torsional range at the GIAO-SCF/6-311G**//RHF/6-31G*
level of theory.

A large number of studies have investigated the change of the
chemical shift(s) of the proton(s) at the a-carbon in peptides,'39-6¢
which we henceforth call a-protons. Of the two protons, the
pro-R-proton is present in all amino acids, whereas only glycine
has the pro-S-proton, which is replaced by the respective side
chain in all other residues. All three computations show that for
1 the pro- R-proton is only very moderately (£0.2 ppm) affected
by changes in y. The pro-R-proton of 2, however, is very
susceptible to changes in ¢ (Figure 6). First it becomes slightly
deshielded, and then, as the distance between the a-proton and
that amide proton that points toward it decreases, it becomes
increasingly shielded. The largest shielding is found for ¢ =
120°, the geometry where the above-mentioned protons are closest
inspace. GIAO-MP2 reproduces the overall change. However,
the deshielding at ¢ = 60° is larger (0.30 ppm) and the shielding
at 120°isonly—0.22 ppm. Thedifference inthe chemicalshielding
for the pro- R-a-proton of 2 between the geometry with ¢ = 60°
and 120°is-0.45 ppm (GIAO-SCF/6-311G**//RHF/6-31G¥*),
-0.44 ppm (GIAO-SCF/6-311G**//MP2/6-31G*), and -0.52
ppm (GIAO-MP2/6-311G**//MP2/6-31G*). Comparedtothe
10 ppm spectral width for proton NMR, this is a large change.
It has been shown by Williamson that the mean a-proton shift
in helices is 0.65 ppm upfield of the mean a-proton shift in sheets.!2
For our calculations we find that for 2 the proton in an a-helix-
like structure is shifted downfield by 0.37 ppm (GIAO-SCF/
6-311G**//RHF/6-31G*),0.41 ppm (GIAO-SCF/6-311G**/
/MP2/6-31G*),and 0.07 ppm (GIAO-MP2/6-311G**//MP2/
6-31G*) compared to that in a -pleated-sheet-like structure.
The disagreement with the experimental results must be due to
our limited model which does not account for ¢. Nevertheless,
our results show that electron correlation is important for the
proton chemical shifts.

In most cases, programs that use empirical parameters derived
from a large number of well-known structures to calculate NMR
chemical shifts are parametrized only for o""8 (ring current effects
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Figure 8. Difference in the absolute chemical shielding between the pro-
R- and the pro-S-proton in glycine, computed at the GIAO-SCF/6-
311G**//MP2/6-31G* level (first bar), GIAO-MP2/6-311G**//MP2/
6-31G* level (second bar), and GIAO-SCF/6-311G**//RHF/6-31G*
level of theory (third bar) for ¢ = 0°, 60°, and 120°. (The first level
corresponds to the left-most bar in each set.)

of neighboring groups), oF (effects due to intramolecular electric
fields), and o*" (magnetic anisotropy effects).®* However, taking
into account the shape of the plot of the change in the NMR
chemical shielding for the a-proton in the amide (Figure 6), we
suggest that a term might be included that depends on the distance
between the amide hydrogen and the a-hydrogen. To understand
this effect better, we are studying larger systems.

Williamson and Asakura have shown that the difference in the
chemical shielding between the two diastereotopic a-protons can
be used for conformational assignments.’! At the SCF level our
calculations gave a much larger difference for the diastereotopic
protonsin 2 thanin 1 with a maximum for ¢ = 120°. The GIAO-
MP2 results show about the same difference for both molecules
(Figures 7-9). The large difference between the SCF and MP2
results makes a reliable computation of the shifts of the
a-hydrogens and their difference at the SCF level seem unlikely.
However, once the effect of electron correlation, which is mostly
caused by the carboxy or carbamide moiety, has been determined
for the full torsional space, it should be possible to apply an
empirical correction term to SCF results.

Conclusions

The absolute NMR chemical shielding depends strongly on
the geometry and the level of theory at which the geometry and
the NMR chemical shifts are computed. The changes range
from 2-3 ppm for C, to as much as 30 ppm for Oc—o. However,
the relative change of the chemical shifts with respect to the
dihedral angle y is almost the same at the GIAO-SCF/6-311G**/
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Figure 9. Difference in the absolute chemical shielding between the pro-
R- and the pro-S-proton in glycine amide, computed at the GIAO-SCF/
6-311G**//MP2/6-31G* level (first bar), GIAO-MP2/6-311G**//
MP2/6-31G* level (second bar), and GIAO-SCF/6-311G**//RHF/
6-31G* level of theory (third bar) for ¢ = 0°, 60°, and 120°. (The first
level corresponds to the left-most bar in each set.)

/RHF/6-31G*, GIAO-SCF/6-311G**//MP2/6-31G*, and
GIAO-MP2/6-311G**//MP2/6-31G* levels of theory. Hence,
to obtain a chemical shift surface which has almost MP2 quality,
only the shielding of one conformation, C,g, has to be computed
atthe GIAO-MP2 level. Theshielding of any other conformation
may be obtained by adding the difference between the GIAO-
SCF shielding of C, and the conformation of interest to the
MP2 result of C,,.

Both 1 and 2 are suitable model systems for peptides. They
are able to predict the change in the chemical shifts of C, with
respect to ¢ correctly. The experimentally found difference

Sulzbach et al.

between the chemical shielding that is found for the a-helix and
the 3-pleated sheet is reproduced. However, since the dependency
on ¢ is neglected, this may be due to a furtuitous cancellation of
the contribution of ¢. The shift of the diastereotopic protons at
C, depends strongly on the relative orientation of the carboxy or
carbamide moiety. A coplanar orientation of Oc—o and a
hydrogen at C, has a deshielding effect on that proton, whereas
if Namide comes close to one of the hydrogens, the latter becomes
more shielded. We suspect that the amide proton could be
responsible for this effect. Studies on larger model systems are
carried out to confirm our assumptions.

In this study we have only investigated a relatively small model
system, which cannot mimic all properties of a peptide chain.
However, even on the basis of our small system, we are able to
predict the changes in the chemical shifts. Furthermore, we
showed that the change in the chemical shielding of carbon,
nitrogen, and oxygen with respect to the dihedral angle y is almost
the same at the GIAO-SCF and GIAO-MP2 levels. Therefore
we are convinced that the calculation of the NMR chemical
shielding will develop into an important tool for the determination
of the tertiary structures of peptides and proteins and supplement
the existing methods.
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