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Abstract: 15N chemical shielding parameters are reported for central glycyl residues in crystallographically
characterized tripeptides with R-helix, â-strand, polyglycine II (31-helix), and extended structures. Accurate
values of the shielding components (2-5 ppm) are determined from MAS and stationary spectra of peptides
containing [2-13C,15N]Gly. Two dipolar couplings, 1H-15N and 13CR-15N, are used to examine 15N shielding
tensor orientations in the molecular frame and the results indicate that the δ11, δ33 plane of the shielding
tensor is not coincident with the peptide plane. The observed isotropic shifts, which vary over a range of
13 ppm, depend on hydrogen bonding (direct and indirect) and local conformation. Tensor spans, δspan )
δ11 - δ33, and their deviations from axial symmetry, δdev ) δ22 - δ33, vary over a larger range and are
grouped according to 2° structure. Augmented by previously reported 13CR shielding parameters, a prediction
scheme for the 2° structure of glycyl residues in proteins based on shielding parameters is proposed.

Introduction

15N is an essential nucleus in solution and solid-state NMR
studies of biomolecules. It has a key location in the polypeptide
backbone; dispersion of isotropic shifts is large, and their
systematic variation with 2° structure, side chain conformation
and local H-bonding1,2 is now used in structure determination.
The full chemical shielding tensor is also central to a wide
variety of solution and solid-state experiments. An example from
solution NMR is the study of molecular dynamics using15N
relaxation. The accuracy with which these experiments are
analyzed is limited by knowledge of15N shielding tensors, and
it has been indicated that the tensors typically used in solution
NMR studies are systematically larger than those determined
by solid-state NMR spectroscopy.3 Other examples from solution
NMR are the choice of optimum field strength for studies using
the TROSY method and obtaining structural constraints from
residual anisotropic chemical shifts in partially oriented samples.
An example from solid-state NMR is the PISEMA experiment
used to determine membrane protein structures in oriented
membranes.4-6 If the shielding tensor principal components and
their molecular orientation are known, peptide plane orientations
can be determined from the 2-D correlation of15N chemical
shift and 15N-1H dipolar coupling. Analogous to solution

structure determination based on isotropic shifts, solid-state
methods for 2° structure determination based on13CR shielding
principal components have been discussed.7-10 Typically,
principal components vary over a larger range than isotropic
shifts,7,9 and it would be useful to augment13CR with 15N
shielding parameters to provide additional structural constraints
and resolve ambiguities.

The number of experimentally determined15N shielding
tensors is small compared to the large database of isotropic shifts
in proteins of known structure. While the latter has been
carefully analyzed, the connection of the former with structure
is more direct since individual tensor components, as opposed
to their average, are observed and each has a well-defined
molecular orientation. Accordingly, it is useful to summarize
what is currently known about peptide15N shielding. The initial
benchmark for the magnitude and orientation of peptide15N
shielding tensors is the single-crystal study of gly-gly‚HCl.11

The amide nitrogen has a span,δspan) δ11 - δ33, of 155 ppm
and vanishing deviation from axial symmetry,δdev ) δ22 -
δ33. The unique component,δ11, is the most deshielded and lies
in the peptide plane rotated 21° from the N-H bond toward C′
of the same amide group.

From studies of peptides of the form Ac-Gly-X-NH2, it was
concluded that there is no single amide shielding tensor.12,13
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The central amide linkage in these peptides (X) ala or gly,
respectively) have substantial deviations from axial symmetry,
δdev ) 24 or 41 ppm, and large spans, 170 or 185 ppm,
respectively. Tensor orientations were examined using the13C′-
15N dipolar couplings and found to be similar to that in gly-
gly‚HCl (δ11 is 20° from the N-H bond).12,13 With the
symmetry based assumption thatδ11 and δ33 should lie ap-
proximately in the molecular plane,δ22 was identified as the
component close to the peptide plane normal. More recently,
observation of the15N-1H dipolar coupling inN-acetylglycine
indicates thatδ33 can be out of the plane.14

Not surprisingly, the imide nitrogen in ala-pro has substan-
tially different shielding parameters. Bothδspan and δdev are
large, 197 and 101 ppm, respectively. However, the orientation
of the downfield component is, within a few degrees, the same
as that described above.15 The val6 residue of gramicidin, with
δspan) 165 ppm andδdev ) 25 ppm,16 suggests that the effect
of amino acid type, proline aside, is in the range seen for gly
residues.

Conformation is an important factor in15N shielding.
Compared to gly-gly‚HCl, zwitterionic gly-gly‚H2O has a
different crystal conformation and its shielding parameters are
larger,δspan) 175.5 ppm andδdev ) 30.5 ppm.17 This is further
established with the nonionic peptide Boc-gly-gly-[15N]gly
benzyl ester which crystallizes in monoclinic and triclinic
forms.18 An X-ray structure was determined only for the
monoclinic form, but both have H-bonded amides and different
spans, 168 or 184 ppm, and deviations from axial symmetry, 7
and 47 ppm.18 Glycyl 15N principal components in homopolypep-
tides adopting helical or sheet conformations show a consistently
larger δdev for sheets.14 More recently, [15N]gly shielding
parameters in several peptides of known conformation were
reported and interpreted in terms of H-bond distances.19 We
note that the peptides withâ-strand torsion angles at the labeled
gly position have similar shielding parameters,δspan≈ 181 ppm
andδdev ≈ 39 ppm, which are larger than the single example
with anR-helix like conformation,δspan) 161 ppm andδdev )
15 ppm. A similar dependence of tensor parameters on 2°
structure was reported in NMR studies of weakly oriented
ubiquitin3 wherein a projection of the shielding tensor is
observed for each amide nitrogen. Although complete, site-
specific determination of shielding tensors for each amide group
was not determined, these results also indicate larger average
δspanandδdev for â-sheet residues.

The effects of conformation and H-bonding on15N amide
shielding and isotropic shifts have also been studied theoret-
ically.20-24 Changes in tensor components at the central amide

in N-formyl-gly-gly amide are predominantly affected (∼20
ppm) by the nearest torsion angles,ψi-1 andφi, with smaller
changes (∼8 ppm) dependent onφi-1 and ψi. Compared to
empirical conformational surfaces of isotropic shifts as a
function ofψi-1 andφi,2 theoretical predictions are similar but
quantitatively larger.22 This difference is potentially due to
neglect of other properties in the statistical analysis (φi-1, ψi,
and H-bonding, for example) or the fact that ab initio calcula-
tions are frequently scaled down to better compare with
experiment.7 Extensive DFT calculations of isotropic shifts21

in longerR-helices andâ-sheets indicate a similar hierarchy of
effects with an important addition. The direct H-bond to the
amide nitrogen has a larger downfield shift in helix (∼3.7 ppm)
than sheet residues (∼1.2 ppm), and for both, the effect of an
indirect H-bond at CdO is larger than the direct H-bond.

In this paper, we present a systematic experimental investiga-
tion of glycyl 15N peptide shielding. The available evidence
indicates that the properties that determine shielding in peptides
and small fragments are entirely relevant to proteins.7,9 While
a complete study would include all amino acids, the peptides
studied here contain [2-13C,15N]gly at the central residue and
have torsion angles representing helix, sheet, and polyglycine
II type conformations. Importantly, a high resolution X-ray
structure has been previously determined or is reported here
for each peptide. Thus, relevant structural features such as
backbone and side chain torsion angles and H-bond distances
are known with better precision than in either protein X-ray or
solution NMR structures. Previously, we have examined most
of the peptides studied here by13C NMR.9 Additions in the
current study include two polymorphs of GGG, new polymorphs
of AGG and GGV, and the peptide GGF. Consequently,15N
shielding values are reported for GGG in four forms and GGV
and AGG in two forms with distinct conformations and
H-bonding arrangements. Three aspects of15N shielding are
examined. First, we examine the extent of internal motion in
the solid state by determining shielding parameters at-123°C
and 20°C for a peptide with a representative crystallographic
R factor (0.054). Second, the molecular orientations of the
principal components are studied in GGV and VGG using both
dipolar couplings available in the double-labeled peptides. As
summarized above, our current knowledge of peptide nitrogen
tensor orientations is based on the single-crystal study of gly-
gly‚HCl and a small number of powder sample studies using
one dipole coupling (13C′-15N, 15N-1H or 15N-2H). For either
of two reasons, these results do not provide a complete picture
of the shielding tensor orientation. In the single-crystal study,
the tensor is nearly axially symmetric and only the orientation
of the unique axis,δ11, could be determined, while, in the
powder sample experiments, the dipole coupled spectrum is
invariant to an arbitrary rotation of the shielding tensor about
the dipole-dipole vector.12 With double-labeled samples, we
orient the shielding tensor relative to the15N-1H bond (by
applying Lee-Goldburg1H decoupling14) and relative to the
15N-13CR bond (by applying only1H decoupling). Combined,
these experiments reduce the tensor orientation to two pos-
sibilities and confirm that bothδ11 and δ33 can lie out of the
peptide plane, albeit by a small amount. Finally, principal
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shielding components are reported for the complete set of
peptides. Isotropic chemical shifts have a substantial range and
are systematically analyzed in terms of structural features used
in the analysis of protein15N shifts; direct and indirect
H-bonding of the amide group, preceding residue type andψi-1,
φi, øi-1 torsions. Examination of the shielding tensor spans and
deviations from axial symmetry shows that both are grouped
according to 2° structure.

Experimental Methods

Peptide Samples.Methods used for peptide synthesis and charac-
terization by X-ray crystallography have been described previously.9

In addition to peptides previously studied, additional polymorphs of
G*GG25,26 and G*GF27 were prepared for the present study using the
same methods.

NMR Spectra. 15N NMR spectra were obtained on a home-built
11.7 T instrument (15N Larmor frequency of 50.2 MHz) with a 4 mm
(1H/13C/15N) triple-resonance MAS probe built on a design previously
described.28 Sample spinning speeds were controlled to within(3 Hz
(Doty Scientific, Columbia, S.C.).15N spectra were excited by cross-
polarization from abundant protons using a 1-3 ms Hartman-Hahn
contact (γB1

N/2π ) γB1
H/2π ) 40 kHz) and accumulated with high

power (γB1
H/2π ) 125 kHz) two pulse phase modulated (tppm)

decoupling29 with recycle times sufficiently long to give equilibrium
signal intensities. The tppm phase shift was 22.5°, and line widths were
minimized by adjusting the1H flip angle (∼150°). Spectra with scaled
1H dipolar coupling were obtained by simultaneous application of13C
and off-resonant Lee-Goldburg 1H decoupling.30 All spectra were
referenced to external solid ammonium chloride31 and then converted
to the liquid ammonia scale32 usingδiso(15NH4Cl, solid) ) 39.1 ppm.
A typical sample size was 10-20 mg of peptide, spectra were
accumulated with 1024 transients, and data were processed with 25
Hz Gaussian broadening.

X-ray Structures. Structures of the hydrogen chloride salts of AGG
and GGV have not previously been reported and are given here. Both
structures were determined at 100 K on a Bruker SMART APEX CCD
diffractometer. A small (0.12× 0.09 × 0.05 mm3) colorless single
crystal of AGG‚HCl (CCDC code 213476) was mounted on a kryoloop
with Paratone oil for data collection. A total of 1868 30 s frameω-scan
exposures of data were acquired to a 2θ max ) 56.44° using
monochromated Mo K radiation (0.710 73 Å).33 Frame data were
processed34 to determine final unit cell parameters (a ) 5.2258(5) Å,
b ) 8.7007(9) Å,c ) 22.970(18) Å,R ) â ) γ ) 90°, V ) 1044.42-
(18) Å3, Z ) 4, Fcalcd ) 1.524 mg m-3) and produced 8593 raw
reflections that were corrected for absorption (transmission min/max
) 0.795/0.987;µ ) 0.366 mm-1).35 The structure was solved by direct
methods in the noncentrosymmetric orthorhombic space group
P212121 using SHELXS-9036 and refined by least-squares methods on
F2 using SHELXL-9737 incorporated into the SHELXTL (v. 6.12)38

suite of programs. All non-hydrogen atoms were refined anisotropically.

Hydrogen atoms of the terminal amine, both amide groups, and the
carboxylic acid were located by electron difference maps and refined
isotropically. Methyl and methylene hydrogen atoms were placed in
their geometrically generated positions and refined as riding models.
For all 2214 unique reflections (R(int) ) 0.048), the final anisotropic
full matrix least-squares refinement onF2 for 165 variables converged
at R1) 0.053 and wR2) 0.109 with a GOF of 1.05 and 0.416e Å-3

residual. The absolute structure was determined by refinement of the
Flack parameter (0.07(1)). X-ray structural analysis for GGV‚HCl
(CCDC code 213477) was preformed on a 0.33× 0.14× 0.06 mm3

colorless needle using an identical data acquisition strategy described
above to a 2θ max) 56.42°. GGV‚HCl crystallizes in the space group
P212121 with the following unit cell parameters:a ) 6.9890(8) Å,b
) 8.2684(10) Å,c ) 21.834(3) Å,R ) â ) γ ) 90°, V ) 1261.8(3)
Å3, Z ) 4, andFcalcd ) 1.409 mg m-3. The 11 002 raw reflections
were corrected for absorption (transmission min/max) 0.951/0.980;
µ ) 0.311 mm-1), and the structure was solved by direct methods and
refined onF2 using SHELXTL. All non-hydrogen atoms were refined
anisotropically. All hydrogen atoms were located by electron difference
maps and refined isotropically. For all 2931 unique reflections (R(int)
) 0.0263), the final anisotropic full matrix least-squares refinement
on F2 for 184 variables converged at R1) 0.027 and wR2) 0.055
with a GOF of 1.01 and 0.277e Å-3 residual. The absolute structure
was determined by refinement of the Flack parameter 0.03(4). Selected
bond distance and angles involving (φ, ψ) for the two structures are
listed in Table 3. ORTEP drawings of the asymmetric units are in the
Supporting Information. Additional details including atomic coordinates
and anisotropic displacement parameters as well as complete lists of
bond lengths, angles, and torsion angles are in CIF format available
free of charge via www.ccdc.cam.ac.uk/conts/retrieving.html.

Results and Discussion

Temperature Dependence of an15N Shielding Tensor.
Figure 1 shows powder spectra of AGG at 20°C and-123°C.
The crystallographicR-factor, 0.054, of AGG is both small and
representative of the peptides studied here. While there is some
increase in the homogeneous line-width upon lowering the
temperature by 150°C, the overall breadth and shielding
components are unchanged within spectral resolution, 4 ppm,
and we conclude that, aside from averaging due to molecular
vibrations, the results reported here are representative of static
shielding tensors.
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Figure 1. 13C coupled15N spectrum of AGG acquired at-123°C and 20
°C. Within spectral resolution (4 ppm), all spectral features including the
overall breadth are unchanged upon changing the temperature by 143°C.
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Shielding Tensor Orientation from Two Dipolar Cou-
plings. Shown in Figure 2 are1H and13C coupled15N spectra
of VGG which display the combined effects of15N shielding
and dipolar coupling from either1H-15N (top) or 13C-15N
(bottom). Simulations shown in Figure 2 are parametrized in
terms of the polar orientation, (θ,φ), of the N-H or N-CR bonds
in the orthogonal frame of the experimentally determined
principal components taken from Table 2. We have used
standard peptide bond lengths39 (1.04 Å for N-H or 1.46 Å
for 13CR-15N), and the Lee-Goldburg scale factor (∼0.58) was
treated as a fitting parameter which accounts for either a
somewhat different N-H bond length14 or a nonideal scale
factor. Listed in Table 1 are the best-fit angles for VGG and
two GGV polymorphs. For example,θΝΗ is the angle between
the N-H bond andδ11. Furthermore, a nonzeroφΝΗ indicates
that the N-H bond is out of theδ11,δ33 plane. The orientations
and uncertainties (67% joint confidence limits from theø2 )
2.13 contour) are shown in the insets of Figure 2. Due to
inherent symmetries of the shielding and dipole interactions,
the fits are not unique. Discarding (i) N-H orientations in which
δ11 is not rotated∼20° from the N-H bond toward C′11 and
(ii) N-CR orientations that are not close to the crystallographi-
cally observed H-N-CR bond angle (∼118°)39 yields unique
θ values but only the magnitudes ofφ. Compared to N-CR,
the N-H bond orientation is more accurately determined due
to the larger 1H-15N coupling, and θ angles are better

determined thanφ angles since, in the limit of an axially
symmetric shielding tensor,φ is arbitrary and thus undetermined.
This is the case of theR-helixlike polymorph GGVb, and only
θNH ) 20° is well determined. For the sheetlike peptides, GGVa

and VGG, the N-H bonds are clearly out of the plane defined
by δ11 and δ33 (φΝΗ * 0), while the N-CR bonds, within
experimental error, are in the plane.

Two possible tensor orientations are thus consistent with the
data and are shown in Figure 3 relative to a molecular frame
with standard peptide geometry39 (obtained using the transfor-
mation obtained in the appendix). The important conclusion is
that, to a modest degree,δ11 andδ33 do not lie in the peptide
plane. These results are in agreement with both experimental
observations based on N-H dipolar couplings14,40and theoreti-
cal calculations.41

Shielding Parameters in Glycyl Peptides.Isotropic chemical
shifts,δiso, and the anisotropic shielding parameters,δspanand
δdev, are listed in Table 2 for the 13 peptides. We first consider

(39) Voet, D.; Voet, J. G.Biochemistry, 2nd ed.; Wiley & Sons: New York,
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Figure 2. 1H (top) and 13C (bottom) coupled15N spectra of VGG.
Experimental spectra are in black dots, and simulations with optimum fitting
parameters, Table 2, are in black lines. Also shown, in blue, are spectrum
simulations forφ ) 0°. Insets are contour plots ofø2 in the region of the
optimum values.

Table 1. Polar Orientations of the N-H and N-CR Bonds
Determined from the Dipole Coupled Spectra, Figure 2a

peptide (θNH, φ NH) (θNCR, φ NCR)

GGVb 20.0°(1), - - - 135°(7), - - -
GGVa 23.5°(1), (31°(6) 138°(7), (7°(13)
VGG 21.0°(1), (15°(7) 138°(4), (6°(13)

a The polar angles are relative to a frame in which the shielding tensor
is diagonal (x, y, andz alongδ33, δ22, andδ11, respectively).

Figure 3. 15N shielding tensor orientations in the peptide frame. Reference
axes are defined such thaty is normal to the peptide plane andz is along
the N-C′ bond. One of two possible orientations of the VGG tensor is
shown. In the other orientation, angles are the same butδ22 is rotated to
the other side ofy andδ33 is below the plane. The orientation in the sheetlike
GGV polymorph is similar as follows:δ11 is 23.5° from the N-H bond,
δ22 is 13° from y, andδ33 is 14° from z.

Table 2. 15N Shielding Parameters, δiso, δspan ) δ11 - δ33, and
δdev ) δ22 - δ33

a

peptide (code) δiso (ppm) δspan (ppm) δdev (ppm) Γ (ppm)

VGG (COPBIS) 113.7 176.2(2.0) 34.9(2.5) 103.9
GGGa (BIBRUZ) 103.2 176.4(1.8) 34.6(2.7) 104.2
GGGb (GLYLIB) 109.2 171.9(2.5) 20.8(4.1) 107.0
GGF (GADMIH) 108.2 169.0(5.0) 14.0(5.0) 107.7
GGGc (TGLYCY10) 107.7 174.8(1.4) 23.0(2.5) 108.1
GGVa (213477) 110.1 168.0(2.6) 28.0(5.0) 101.4
GGGd (GGGCAC) 116.0 161.9(3.6) 10.0(7.0) 104.4
YGG (LTYRGG) 104.8 162.8(2.4) 11.7(4.4) 104.4
GGVb (CUWRUH) 112.8 164.0(5.0) 7.00(5.0) 106.9
FGG (FIZWIU01) 115.9 170.2(1.7) 17.9(3.1) 107.0
PGG (FABXUB10) 106.7 157.4(1.9) 7.30(3.9) 102.4
AGGa (CALXES20) 104.8 161.6(2.3) 7.30(4.5) 105.2
AGGb (213476) 102.8 167.3(5.0) 23.3(5.0) 102.9

a Individual components,δii, are related to table values,δspanandδdev,
by δ33 ) δiso - (δspan+ δdev)/3. Also listed is the parameterΓ ) (δ11 -
δiso)(1 - η2/3)1/2used in the analysis of relaxation experiments. Superscripts,
which are used in Tables 1-4, label different polymorphs. GGGc has two
molecules in the asymmetric unit with equivalent15N isotropic shifts at the
central gly residue.
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the isotropic shifts for which there is a substantial empirical
and theoretical understanding based on structure. Important
determinants identified are the neighboring torsion angles (ψi-1,
φi), to a lesser degree the adjacent angles (φi-1, ψi), the type
and side chain conformation (øi-1

1 ) of the preceding residue,
and H-bond distances (direct and indirect). These structural
properties, taken from the X-ray structures, are listed in Table
3. Since the central residue of tripeptides is studied here,φ1 is
irrelevant and not listed.

Several comparisons are helpful in isolating individual effects.
For example, GGVb, δiso) 112.8 ppm, and FGG,δiso) 115.9
ppm, have similar helixlike torsion angles (φ2, ψ2), both direct
and indirect H-bonds with nearly equivalent H-bond distances,
but differentψ1. This suggests that the shift difference of 3.1
ppm is due to conformation,ψ1 and ø1, and/or the type of
preceding residue, G or F. Density functional calculations
indicate that replacing a preceding G with F andø1 ) 180° has
little or no effect in a helix structure. To examine the effect of
backbone conformation, we use empirical conformational
surfaces compiled from solution NMR studies2 since the recently
described procedure20 based on DFT calculations cannot be
applied to tripeptides.21 With φ2 ) -80°, varying ψ1 from
-156° (GGVb) to 116°(FGG) results in the 3 ppm downfield
shift that is observed here. Applying these same conformational
surfaces to two sheet peptides with the same preceding residue,
GGGb, δiso) 109.2 ppm, and GGF,δiso) 108.2 ppm, a small
0.5 ppm downfield conformational shift for the former is

predicted based on similar torsion angles. While both peptides
have direct and indirect H-bonds, they are shorter in GGGb and
expected to result in an additional downfield shift. Using density
functional calculations for H-bonds in helices, the net downfield
shift for conformation and H-bond length is 1.5 ppm; in good
agreement with the 1 ppm experimental difference. The effect
of H-bonds on isotropic shifts is most dramatic in GGGa which
has no indirect H-bond and, accordingly, the most upfield shift
(103.2 ppm) of the sheet residues. The most deshielded sheet
residue, VGG withδiso) 113.7 ppm, has both direct and indirect
H-bonds, but they are relatively long and cannot alone account
for the large downfield shift. The remaining downfield shift can
be parsed into two similar contributions from the backbone
torsion angles and the side chain conformation (ø1 ≈ 180°) of
the preceding val residue.

Contributions to the observed shifts predicted in this way for
the complete set are summarized in Table 3 using an additive
model with five terms.

As above, the contribution from backbone torsions is taken
from an empirical chemical shift surface,2 while the effects of
side-chain conformation,δ(ø1

1), and indirect and direct H-
bonding, δ(HB-I) and δ(HB-D), are from the Xu and Case
analysis of their DFT calculations (Table 4).21 Also following
Xu and Case, we have used different reference shifts,δref, for
different 2° structures21 adjusted here to best fit the data. The
observed shifts are reasonably well predicted indicating that the
simple analysis accounts for the primary determinants and their
approximate sizes.

The variation of principal components is larger than the
variation of isotropic shifts, Table 2. The range forδ11 andδ33

is 16 ppm, while that forδ22 is 22 ppm. Moreover, shielding
parameters are grouped according to their corresponding 2°
structures indicating that conformation is a dominant factor in
δspan and δdev. Sheet and extended conformations have large
δspan, 169-176 ppm, and largeδdev, 21-35 ppm. Helix residues
have intermediateδspan, 162-170 ppm, and smallerδdev, 7-18
ppm. The smallest spans are observed in 31 helices, 157-167
ppm, which also have smallδdev, 7-23 ppm. Shielding
parameters for gly in sheetlike conformations are comparable
to the “average” tensor reported by Cornilescu and Bax3 for all
sheet residues in ubiquitin,δspan) 174.2( 4 ppm andδdev )

Table 3. Summary of Tripeptide Structural Dataa

sequence 2° charge ψ1 (deg) φ2 (deg) ψ2 (deg) ø1
1 (deg) rHB-I (Å) rHB-D (Å) δiso (ppm)

VGG sheet zwit 123 -155 155 -53 3.05 3.05 113.7
GGGa sheet +1(HCl) 165 -153 160 absent 2.96 103.2
GGGb sheet zwit -147 63 -141 2.81 2.95 109.2
GGF sheet +1(HCl) 166 64 -153 2.92 3.17 108.2
GGGc ext “ -150 178 172 2.92 2.94 107.7
" " “ -162 -165 175 3.13 2.99 107.7
GGVa sheet +1(HCl) 180 -159 167 2.80 2.59 110.1
GGGd helix zwit 163 -98 -3 2.40 3.33 116.0
YGG helix “ 164 81 -12 74 absent 2.88 104.8
GGVb helix “ -156 -77 -22 2.99 2.78 112.8
FGG helix “ 116 -90 -29 176 3.00 2.81 115.9
PGG 31 “ 178 -71 167 32 3.20 2.84 106.7
AGGa 31 “ 160 -83 169 3.00 2.93 104.8
AGGb 31 +1(HCl) 156 -98 149 2.83 3.02 102.8

a Different polymorphs are indicated by superscripts and correspond to CSD codes given in Table 2. Zwit) zwitterion, and HCl is the hydrogen chloride
salt.

Table 4. Contributions to the Predicted Isotropic Shifts and
Comparison with Experimenta

peptide 2° δ(ψ1,φ2) δ(ø1
1) δ(HB-I) δ(HB-D) δiso(pred) δiso(exptl)

VGG sheet 2.5 -0.5 3.8 1.0 111.5 113.7
GGGa sheet -1.0 0.0 0.0 1.3 105.0 103.2
GGGb sheet -3.0 0.0 5.0 1.3 108.0 109.2
GGF sheet -2.0 0.0 4.4 0.80 107.9 108.2
GGGc ext. -1.0 0.0 4.4 1.4 109.5 107.7
" " -1.0 0.0 3.5 1.2 108.4 107.7
GGVa sheet -1.0 0.0 5.0 3.7 112.4 110.1
GGGd helix 2.0 0.0 5.0 3.0 117.1 116.0
YGG helix -2.0 -2.0 0.0 3.7 106.8 104.8
GGVb helix 0.5 0.0 2.6 3.7 113.9 112.8
FGG helix 3.5 -2.0 2.6 3.7 114.9 115.9
PGG 31 1.0 0.0 3.2 1.8 104.5 106.7
AGGa 31 2.0 -3.3 4.0 1.4 102.6 104.8
AGGb 31 2.0 -3.3 4.9 1.1 103.2 102.8

a For sheet,R-helix, and 31-helix residues,δref ) 104.7, 107.1, and 98.5
ppm, respectively.

δobs) δ(ψ1,φ2) + δ(ø1
1) + δ(HB-I) + δ(HB-D) + δref (1)
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26.2( 3 ppm. Their values for the “average” helix parameters,
δspan ) 170.7 ( 6 ppm andδdev ) 9.6 ( 4 ppm, are also
comparable albeit a somewhat smallerδspan.

Concluding Remarks

Accurate knowledge of15N chemical shielding parameters
is essential to a wide variety of solution and solid-state NMR
experiments. A library of these parameters obtained from
structurally characterized tripeptides shows systematic trends
in glycyl isotropic shifts, tensor spans, and their deviations from
axial symmetry. Tensor spans, for example, are found to vary
over a large range, 157.4 ppm to 176.4 ppm, and low
temperature experiments confirm that these are representative
of static values. While this library is limited to glycine, the
ranges of shielding parameters are comparable to those deter-
mined for other amino acids in both peptides and the average
tensor measured in a weakly oriented protein.11,12,14-19

We have used two dipolar couplings,1H-15N and 13CR-
15N, to orient the shielding tensor relative to the peptide plane.
Based on the1H-15N coupling, the angle betweenδ11 and the
N-H bond,θNH, is accurately determined ((1°) and is in the
range previously seen, 20-25°. While it is frequently assumed
that the δ11, δ33 shielding tensor and peptide planes are
coincident, this is not confirmed here. Based on the1H-15N
coupling inN-acetylglycine, a similar conclusion was reported
previously.14 The orientation, pictured in Figure 3 and derived
in the appendix, is not unique and somewhat imprecise. That
two orientations are consistent with experiment is an inherent
ambiguity of the approach based on dipolar couplings and the
lack of precision results from the fact that15N amide tensors
typically have smallδdev. We anticipate that the correct choice
of the two possibilities given here could be made with ab initio
shielding tensor calculations.41,42Alternatively, a modest number
of single-crystal tensor determinations in addition to that of gly-
gly‚HCl11 would be quite useful.

Isotropic15N glycyl shifts in the 13 peptides vary from 102.8
to 116.0 ppm, i.e., a substantial fraction of the range seen in
proteins. Notably, the range in the sheetlike structures examined
is nearly as large. An additive model appropriate for tripeptides
based on contributions from the nearest backbone torsion angles,
the previous residue and its side-chain conformation, indirect
H-bonding to CdO, and direct H-bonding to NsH is used.
There is good agreement with experiment using empirically
determined reference shifts forR, â, and 31-helix structures, as
suggested by a recent DFT based procedure for calculating
protein chemical shifts.21 This indicates the general relevance

of solid-state NMR studies of peptides for understanding the
structural basis of chemical shielding in proteins.

Chemical shielding parameters reported here are found to
have two useful properties: (i) they vary over a fairly large
range (19 ppm forδspanand 28 ppm forδdev) and (ii) bothδspan

andδdevare grouped according to 2° structure. The latter feature,
distinct from that seen forδiso, is particularly notable forδdev.
For example, the threeâ-sheet or extended polymorphs of GGG
haveδdev ) 21-35 ppm, while theR-helical form hasδdev )
10 ppm. Similarly, theâ-sheet polymorph, GGVa, hasδdev )
28 ppm and theR-helical form, GGVb, hasδdev ) 7 ppm. We
anticipate that a quantitative quantum chemical model for
predicting and understanding the structural basis of these results
is possible and such a model would be useful in solid-state
structure determination. More immediately, these results are
useful for qualitative identification of the 2° structure. Previously
we identified that glycyl13CR shielding parameters are useful
for distinguishingR and 31 helices based onδspan(32-50 ppm
and 45-55 ppm, respectively) andδdev/δspan (0.25-0.4 and
0.35-0.45, respectively). Identification ofâ structure, which
has a wide range ofδspan (24-58 ppm) andδdev/δspan (0.35-
0.90), is more difficult. This ambiguity is resolved with the
addition of15N shielding, in particular the value ofδdev. These
constraints are summarized in Table 5.
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Table 5. Identification of 2° Structure Based on Glycyl 13CR and
15N Shielding

2° δspan, 13CR (ppm) δdev/δspan, 13CR δdev, 15N (ppm)

R-helix 32-45 0.25-0.40 <20
â-sheet 24-58 0.35-0.90 >20
31-helix 45-55 0.35-0.55 <20
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