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Abstract: The ab initio IGLO (individual gauge for localized orbitals) method was used to examine the conformational
dependencies of the isotropic }3C chemical shifts in the model peptide N-acetyl-N”-methylglycinamide. A surface plot
of the calculated !3C isotropic chemical shifts for the Ca carbon was constructed at 30° grid intervals of the ¢ and
¥ angles. These data are used to examine the relationship between chemical shifts and protein secondary structure.
The Ca carbons in a-helix and §-sheet conformations are calculated to be shifted 2.3 ppm downfield and 2.9 ppm to
high field, respectively, of the random coil value. Considering the spread in experimental values, especially for the
B-sheet conformations, these secondary shifts are in reasonable agreement with the average experimental values of 3.2
and -1.2 ppm, respectively, for glycyl residues in peptides and proteins. The smaller differences predicted for other
types of secondary structures are also consistent with the experimental results. Thus, for the Ca carbon it is not
necessary to include interresidue hydrogen-bonding effects to explain the major chemical shift trends. An analysis of
the localized MO contributions (LMOC) shows that all four bonds directly connected to the Ca carbon are important
to the total shift but each of these has a different (¢, ¥) angle dependence. The LMOC from the Ca—C’ bond provides

the largest contribution to the chemical shift difference between the a-helix and the 8-sheet conformations.

I. Introduction

In peptides and proteins, the sensitivity of the !3C chemical
shifts to conformational variations is well-known.!-> With
improved isotopic substitution strategies* and new methodologies
in heteronuclear multidimensional NMR,5 two groups have
recently reported statistical correlations of the }*C chemical shifts
with the secondary structures of proteins.®’ A strong correlation
was noted between the Ca chemical shift and the secondary
structure, especially a-helix and 8-sheet; i.e., the Ca resonances
for a-helix structures are at higher frequency (lower field) than
in B-sheet conformations. Similar correlations also were found
for carbonyl and side-chain Cg8 carbons. Typical patterns in the
observed chemical shifts for backbone and side-chain carbons
are shown in Figure 1. Tonelli® attempted to rationalize the
experimental 13C chemical shifts for C8 and C==0 carbons on
the basis of empirical substituent effects, particularly the gauche/
antidependence of the y-effects.®!° The a-carbon chemical shifts
were not discussed.

Ando and co-workers!!}2 used semiempirical MO methods to
investigate the (¢, ) angle shift dependency of the model dipeptide
N-acetyl-N-methyl-L-alaninamide. They proposed that the 13C
chemical shifts are sensitive to changes in the electronic distri-

® Abstract published in Advance ACS Abstracts, October 15, 1993.
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Figure 1. Schematic representation of the experimental 13C chemical
shifts of Ca, C=0, and CB in peptides and proteins.

butions with (¢, ¥) angle changes as well as to the effect of intra-
and/or interresidue hydrogen bonds. However, the semiempirical
results did not provide an adequate description of the Ca chemical
shifts. For !3C chemicalshifts the effects of interresidue hydrogen
bonding are expected to be more important for C==0 groups!?
than for the Ca carbon, which is not directly involved in hydrogen
bonding. More recently, ab initio methods have been used to
show that Ca and CB shifts in alanine residues are largely
determined by the (¢, ¥) angle dependence.!4
Distributed-origins methods!s such as IGLO?6 have been used
extensively for ab initio shielding computations. Studies from
these laboratories have emphasized the conformational and
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substituent dependencies of 13C chemical shifts in organic and
biochemical molecules.!’-2! In most cases the experimental
conformational 13C chemical shift trends are reproduced even
with relatively small basis sets. Presented here is an ab initio
IGLO study of the conformational dependence of 1*C chemical
shifts in N-acetyl-N-methylglycinamide (1). The glycine dipep-

o]
H H H H H H

Vool 1y
AN NN,
[— l

H H
(o}

Yy,
/1,,"

O
()

aNe

—h

tide is chosen as a model compound for two reasons. Glycine is
the smallest among the 20 natural amino acids, and it is unique
in its lack of chirality at Ca. Since the energy contour has a C;
symmetry axis through ¢ = 0°, y = 0°22 the computational
effort required for both geometry optimizations and shielding
calculations is reduced. The conformational dependencies of Ca
chemical shifts have been observed for nearly all the amino acids,
including Gly residues.®’ Because they exhibit similar trends in
a-helix and 8-sheet conformations, a common electronic origin
is expected, and the Gly dipeptide should provide a simple model
for the observed conformational dependence of Ca chemical shifts.
This model does not include 8-carbons or the effects of interresidue
hydrogen bonding.

II. Computational Methods

Because of the sensitivity of chemical shielding to molecular geom-
etries?324 and the unavailability of good experimental structural data,
the usual procedure is to use the best energy-optimized structures
commensurate with available computer resources. The N-acetyl-V'-
methylglycinamide geometries are fully optimized (subject only to the
two dihedral angle constraints) at the HF/3-21G level.%2¢ This small,
split-valence basis set?’” has been shown to behave reasonably well for
geometry optimizations in comparison with the results obtained with
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larger basis sets (6-31+G*)2% and was adopted here only because of the
large number of computations required to investigate chemical shifts
over the full (¢, ¥) space. A grid with 30° intervals of the p and y angles
was used to give a total of 169 (132) data points for the whole matrix,
but only 84 data points were actually calculated, as the rest followed by
symmetry.

All chemical-shielding calculations were based on the ab initio IGLO
formulation of Kutzelnigg and Schindler.!¢ This method has been applied
with good success to a large number of calculations of shielding for elements
in the first and second rows and provides a satisfactory description of
chemical shielding using modest basis sets. Qualitatively, this can be
easily rationalized. The chemical shielding is very sensitive to the
cancellation between large positive diamagnetic contributions s and large
negative paramagnetic contributions ¢®. Since diamagnetic terms can
be calculated accurately even with small basis sets while the paramagnetic
terms are exceedingly difficult to calculate, the cancellation between the
two is most unfavorable. However, paramagnetic terms vanish if the
origin is at the center of spherical orbitals. Inthe IGLO (and LORG?)
method localized MOs (LMOs) are associated with inner shells, bonding
orbitals, and lone pairs. These are all roughly spherical, and the origins
for the calculation of diamagnetic and paramagnetic terms are placed at
the centroids of charge of the LMOs. This produces a substantial decrease
in the magnitude of the paramagnetic-shielding magnitudes and, therefore,
smaller cancellation errors between o2 and o

There have been extensive studies of the basis set dependence of
chemicalshielding, and theseare consistent with several IGLO calculations
performed here at the double-{ (DZ) level, e.g., basis set Iis a (7,3/3)
Huzinaga Gaussian lobe basis set® in the contraction (4111;21/21),
Previousstudies of 13C chemical shifts!’-2! showed that the conformational
dependence is usually reproduced at this level. In the IGLO method
larger basis sets almost always give better results in terms of absolute
chemical shielding.!¢ For molecules of this size and the number of
calculations involved, the use of larger basis sets is limited by the available
computational facilities. The calculated isotropic }*C shieldings o, which
are referenced to the bare nucleus, are converted to chemical shifts (8)
relative to TMS (¢ = 218.13 ppm for the double- { basis set) for comparison
with experimental results. All calculations were performed on a Convex
€220 computer. Each IGLO calculation (DZ basis) required 2.5 h of
CPU time. Geometry optimizations required 3—5 times longer. The 13C
chemical shift for the random coil geometry was estimated by Boltzmann
averaging of the chemical shift profile 6(¢,¥) over the energy profile
E(ed):

® = faeD)e =P M dpay) [T dody ()

The 3D surface plots, 2D projections of energy, and Ca chemical shifts
were generated by a commercial plotting package which includes 2D and
3D spline algorithms (cubic or bicubic spline interpolation).3!

III. Results and Discussion

A. Energy Surface of Gly Dipeptide in (¢, ¥) Space. Shown
in Figure 2 is an energy surface plot of Gly dipeptide in (¢, ¥)
space and its projection onto the (¢, ) plane. All energies are
inkilocalories/mole relative to the lowest energy (—451.292 144 6
hartrees) for the (150°, 180°) conformation. No attempt was
made to locate the various relative energy minima or transition
states. The Gly dipeptide energy surface is similar to that for
glycine dipeptide analogue (GDA), which was obtained with the
same basis set by Head-Gordon and co-workers.?® Existing energy
maps for Gly dipeptide were based on the empirical conformational
energy program for peptides (ECEPP) force field?? and the force
field of Weiner et al.>? These force fields are widely used in
conformational studies of peptides and proteins. The most obvious
difference between the ECEPP and ab initio energy maps occurs
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Figure 2. Calculated relative energies (HF/3-21G) of N-acetyl-N*-
methylglycinamide plotted as a function of ¢ and ¥ angles. The contour
lines are separated by 2 kcal/mol.

inregion A22around (-60°,-50°). This corresponds to theright-
handed a-helical conformation in proteins and represents an
obvious energy minimum which does not occur in the ab initio
energy surface of Gly dipeptide or GDA.2® Since lower energy
for the a-helical protein conformations may be a result of solvent
effects, a collective hydrogen-bonding effect, or a combination
of both, they are not implicit in ab initio MO results for molecules
in a vacuum. However, they must be implicit in the local force
field parameters in order to produce results in agreement with
experimental observations. The energy map for glycine dipeptide
using the force field developed by Weiner and co-workers3? has
more similarities with the one presented here, possibly because
it is based on partial charges taken from ab initio Mulliken
populations.

B. The !3C Chemical Shift of Ca in Gly Dipeptide. Depicted
in Figure 3 is a surface plot of the calculated !3C chemical shifts
¢ for the Ca carbon of 1 as a function of ¢ and ¢ angles. On
this surface the chemical shift at highest field is 34.9 ppm for ¢
and y angles (120°,-150°)/(-120°, 150°) and the one at lowest
field occurs at 45.2 ppm (0°, 30°)/(0°, -30°). This 10 ppm
range is large enough to cover the ¢ variation (3.5-8.1 ppm)?
which has been observed in the solid-state NMR data for Ca
carbons of amino acid residues in peptides and proteins. InTable
I the IGLO chemical shifts for the Ca and C=0 carbon for
ar-helix and antiparallel 8-sheet conformations are compared
with the experimental averages for glycyl residues. The chemical
shifts for the carbonyl carbon are not correctly predicted.!? A
contributing factor may be the neglect of interresidue hydrogen
bonding, but the inadequacies of small basis sets for geometry
optimization and the chemical shifts for carbon bonded to N, O,
and F heteroatoms!®!9 should also be noted.

For the random coil geometry the calculated Ca chemical shift
of 39.1 ppm was obtained by numerical integration of eq 1 using
the chemical shift and energy contour data. This value is 4.9
ppm smaller than the experimental average in Table I. More
generally, the 4-5 ppm discrepancies between calculated and
experimental chemical shifts for the Ca carbon are typical at
this level of theory.!¢ However, the relative chemical shift changes
over different conformations are of primary interest here rather
than the absolute chemical shifts as the differences are reproduced
reasonably well even at the double-{ level.!’-2! The calculated
13C chemical shifts for the Ca carbon in the a-helix region (—48°,
—57°) and in the 8-sheet region (—139°,135°) are 2.3 ppm larger
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Figure 3. Calculated (IGLO/DZ//HF/3-21G) 13C chemical shifts of
Ca in N-acetyl-N-methylglycinamide plotted versus g and ¥ angles. The
contour lines are separated by 1 ppm.

Table I. Calculated Ca 13C Chemical Shifts of Gly Dipeptide for
Various Conformations Compared with Average Experimental
Values in Glycyl Residues

Ca? C=0"

¢
conformation (deg) (d\lég) calc WSR® SB¢ calc WSR?
ag-helix? —48 57 414 457 48.3¢ 1774 1743
30-helix? -74 4 403
random coil 39.1 440 45.1
parallel S-sheetd -119 113 365
antiparallel 8-sheet/ -139 135 36.2 43.15 439 182.0 171.0

Bturn (type ),Fi+1 60 -30 40.7
B-turn (type )} i+ 2 -90 0 396
Bturn (type Ik i+1 -60 120 41.2
B-turn (type II),2 i + 2 80 0 40.1
B-turn (type III),A i+ 1 60 -30 40.7
B-turn (type III),*i+2 -60 -30 40.7

4 All values are given in parts per million. ® These data from ref 7 are
the mean value for glycyl residues in the various conformations. ¢ These
data fromref 6. ¢ This notation conforms to that of Paulinget al.: Pauling,
L.; Corey, R. B.; Branson, H. R. Proc. Natl. Acad. Sci. U.S.A. 1951, 37,
205-211. ¢ These values were inferred from the secondary shift values
and the random coil values in ref 6. / As defined in the following: Arnott,
S.; Dover, S. D.; Elliott, E. J. Mol. Blol. 1967, 30, 209-212. # In ref 7
this chemical shift was assigned to S-strands; no distinction was made
between parallel and antiparallel 8-sheets. # This notation conforms to
that of Lewis et al.: Lewis, P. N.; Momany, F. A,; Scheraga, H. A.
Biochim. Blophys. Acta 1973, 303, 211-229.

and 2.9 ppm smaller than for the random coil, respectively.
Considering the spread in the experimental data, these results
are in reasonable agreement with data for glycyl residues,® which
average 3.2and-1.2 ppm for a-helix and 8-sheet secondary shifts,
respectively. The S-sheet value is an average of secondary Ca
shifts, which range from —0.02 to —2.65 ppm. These values were
included inthe set of 119 a-helix residues and 126 8-sheet residues
which was used by Spera and Bax to construct a histogram in
which the average secondary shifts are 3.09 £ 1.00 and -1.48 £
1.23 ppm for a-helix and §-sheet conformations, respectively.6
Wishart et al.” also examined the average of glycine Ca chemical
shifts for a different set of molecules. These led tosimilaraverage
values for the secondary shifts, i.e., 1.7 and —0.9 ppm in a-helix
and (-sheet conformations, respectively.
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Figure 4. Calculated changes in the local MO contributions A[LMOC] from (a) the Ca—C’ bond, (b) the Ca—N bond, (c) the Ca-Hpror bond, (d)
the Ca—Hes bond, and (€) a sum of all four bonds above plotted versus ¢ and y angles.

The calculated random coil chemical shift depends on the
calculated energy profile, with the most important contributions
arising from the low-energy regions. An alternative for com-
parison is the difference of 5.2 ppm between the calculated shifts
for a-helix and §-sheet conformations. The two sets of exper-
imental data for glycyl residues in Table I show differences of
2.3and 4.4 ppm. This difference becomes 4.6 ppm on including
all the natural amino acids, excluding Cys and His.® Larger
chemical shift differences (Adc up to 5.6 ppm) were observed for
some amino acids’ such as Val and Arg. These differences
between calculated and observed secondary !3C shifts are of the
same order of magnitude as the uncertainties in the experimental
data. For purposes of comparison, the average experimental data
applied either to the same residue in different proteins or to
different residues in the same protein. Chemical shifts for the
Ca carbon in the same amino acid residue and of the same
conformational type can vary by 2—4 ppm. This deviation has
been attributed to variations of protein secondary structure,®since
large deviations in the dihedral angles ¢ and y from the mean
values of a-helices were observed even in the crystal structures
of proteins3? and peptides.>* However, the calculated values in
Table I correspond to the standard (¢, ) angles for these
structures. These are probably not the same as the averaged
experimental ones. The importance of chemical shift variations

around a particular set of (¢, ) angles can be easily seen from
the 8(¢, ¥) mapin Figure 3. For example, within the 32 and 20°
ranges of standard deviations® for ¢ and y angles in the 8-sheet
conformations,® the calculated Ca chemical shifts vary over a
range of about 3 ppm. On the other hand, for ca. 10° standard
deviations® for the ¢ and y angles for the a-helix conformations,®
the calculated results show variations less than 1 ppm. These
results are completely consistent with the larger error bars for
B-sheet secondary shifts in comparison with a-helix secondary
shifts.

The only clear distinctions among protein secondary structures,
which are implicit in the experimental®67 3C NMR chemical
shifts, are those for a-helix and 8-sheet. It is apparent from the
calculated Ca chemical shift map (Figure 3) that variations of
the Ca chemical shifts induced by conformational changes are
not limited to these two most common conformations. Other
secondary structures, such as 3;¢-helices and reverse turns, also
induce changes in the Ca chemical shifts. Calculated values for
representative conformations are given in Table I. Although the
conformationally induced chemical shifts were predicted for these

(34) Benedetti, E.; Blasio, B. D.; Pavone, V.; Pedone, C.; Santini, A.; Crisma,
M.; Toniolo, C. In Molecular Conformation And Biological Interactions;
Balaram, P., Ramaseshan, S., Eds.; Indian Academy of Sciences: Bangalore,
India, 1991; pp 497-502.
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folded structures, the magnitudes of ¢ variations are generally
smaller than those observed between a-helices and 8-sheets. All
the 8c’s for the reverse turns fall between the two limits imposed
by a-helices and §-sheets, the two most common conformations
in proteins. Because of the large deviations of the é¢’s from the
mean values observed in these two protein conformations,5’ it is
not clear that the predicted conformational dependence of the
chemical shifts can be used to distinguish more precise confor-
mational features beyond the general classification of helices and
B-sheets. However, the calculated Ca chemical shift map should
prove to be helpful in interpreting the experimental data for small,
conformationally constrained peptides, where reverse turn con-
formations are often observed.

In order to gain some insight into the conformational depen-
dence of the Ca chemical shifts, the contributions of each of the
individual localized MOs to the total shielding (o) of Ca in Gly
dipeptide 1 were examined. The major diamagnetic (positive)
contribution to ¢(Ca) is 200.8 ppm from the inner-shell 1s orbital
of the Ca carbon. This number is approximately the same for
the carbon atoms independent of the molecular conformation.
The major negative contributions to the shielding arise from
localized MOs (LMOs) associated with the four bonds at Ce,
e.g., the Ca—C’, Ca-N, and two Ca—H bonds. For the (180°,
180°) conformation the LMO contributions to the chemical
shielding to Ca are as follows (ppm): Ca-C’,-3.2; Ca-N,-3.7,
Ca-Hyor, —2.9; Ca-Hpros, —2.9. These localized MO contri-
butions not only account for a large percentage (>68%) of the
total deshielding effect but also dominate the conformational
dependence of Ca chemical shifts. The sum over 22 other LMOs
that are not directly connected to Ca is only —6.1 ppm. To show
the importance to the conformational effects of the localized MO
contributions, the changes A[LMOC|for each of these four bonds
are plotted in Figure 4a—d versus the ¢ and  angles. Absolute
values are plotted to be consistent with the chemical shifts in
Figure 3. Clearly, the overall conformational dependency of the
Ca chemical shifts over (¢, ) space cannot be attributed to the
LMOC of any particular bond. Each of the localized MO
contributions in Figure 4a—d varies by as much as 5 ppm over (¢,
V) space. The sums of the four localized contributions in Figure
4e exhibit an approximate 10 ppm chemical shift variation and
show the same general trends as the Ca chemical shifts in Figure
3. However, the contributions from each of the LMOs are not
the same for any two particular conformations such as a-helix
and B-sheet. These LMOdataare givenin TableII. Thelocalized
MOs associated with the Ca~C’ bond and the Ca—N bond produce
the largest and the smallest contributions, respectively, to the
chemical shift difference between the two conformations. Since
the ¢ and ¢ angles are measured about the Ca—C’ and Ca-N
bonds, respectively, it is tempting to relate the LMOC changes
with the changes of electronic structures during rotation. A
transition between the two conformations involves a change in
the ¢angle (91°) and a larger one (192°) in the  angle. Itseems
possible that a large change in the y angle leads to a corre-
spondingly large change in the Ca—C’ bond LMO, which may
influence the LMOC for the Ca—C’ bond.
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Table II. Calculated *C Localized MO Contributions to the Ca
Chemical Shifts and Their Differences Ad in a-Helix and 8-Sheet
Conformations®

LMO a-helix B-sheet Ad
Ca-C’ -5.0 -2.8 22
Ca-N -2.7 =22 0.5
Ca-Npor -3.4 -2.4 1.0
Ca—Hpes -6.5 -5.2 1.3
total -17.6 -12.6 5.0

2 All values are given in parts pér million. The differences in the last
column are taken in the sense of the chemical shifts rather than chemical
shielding.

IV. Conclusions

Complete energy and 13C chemical shift maps were obtained
at the IGLO/DZ//HF/3-21G level of ab initio MO theory for
the model peptide N-acetyl-N"-methylglycinamide. These data
were used to examine the relationship between *C chemical shifts
and protein secondary structure. The predicted trends for the
Ca carbon agree with the available experimental data for a-helix
and §-sheet conformations in peptides and proteins. Since the
conformational dependence of Ca chemical shifts can be explained
largely in terms of changes in the electronic structure as the ¢
and y angles are varied, it is not necessary to invoke interresidue
hydrogen-bonding effects. Although the chemical shift differ-
ences for other types of secondary structures are probably too
small to distinguish precise conformational features in proteins,
they should prove useful in interpreting the experimental data
for small, conformationally constrained peptides, where reverse
turn conformations are often observed.

Inanattempt tosort out the conformationally induced changes
of the electronic structure around Ca;, the changes in the localized
MO contributions, which are implicit in distributed-origins
approaches, were examined. These provide somewhat more detail
than the calculated chemical shifts, but they do not specify the
electronic origins for observed effects. It is interesting to note
that there is a rough correlation between the calculated LMO
data and the associated bond lengths. Rather than the confor-
mationally induced geometry changes being the responsible factor,
it seems likely that the bond lengths and the LMO contributions
have similar electronic origins. Conformational changes affect
the electronic distributions, o-bond orders, bond lengths, and
paramagnetic contributions to the chemical shielding.
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