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Abstract: N chemical shielding parameters are reported for central glycyl residues in crystallographically
characterized tripeptides with a-helix, -strand, polyglycine Il (3;-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,*>N]Gly. Two dipolar couplings, *H—°N and 13C>—15N, are used to examine N shielding
tensor orientations in the molecular frame and the results indicate that the 611, d33 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, dspan =
011 — 033, and their deviations from axial symmetry, dqev = 022 — 033, Vary over a larger range and are
grouped according to 2° structure. Augmented by previously reported 3C¢ shielding parameters, a prediction
scheme for the 2° structure of glycyl residues in proteins based on shielding parameters is proposed.

Introduction structure determination based on isotropic shifts, solid-state
methods for 2 structure determination based &&* shielding
principal components have been discusséfl. Typically,
principal components vary over a larger range than isotropic
shifts/® and it would be useful to augmeA#C* with 15N
shielding parameters to provide additional structural constraints
and resolve ambiguities.

The number of experimentally determinéeéN shielding
tensors is small compared to the large database of isotropic shifts
in proteins of known structure. While the latter has been

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 2structure, side chain conformation
and local H-bondind? 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 usity
relaxation. The accuracy with which these experiments are : .
analyzed is limited by knowledge &N shielding tensors, and carefully gnalyzgd, the gqnnectlon of the former with structure
it has been indicated that the tensors typically used in solution is more direct since individual tensor components, as opposed
NMR studies are systematically larger than those determined ©© their average, are observed and each has a well-defined
by solid-state NMR spectroscopgther examples from solution moleqular orientation. Accordlngly_, it is “_SGf_”' to summa rize
NMR are the choice of optimum field strength for studies using what is currently known apout pepuél@\l.shlel(_jlng. The initial
the TROSY method and obtaining structural constraints from be.nch.mark for th? magnlltude and orientation of pep%ﬁlﬁ
residual anisotropic chemical shifts in partially oriented samples. shielding tensors is the single-crystal study of gly-Big!.
An example from solid-state NMR is the PISEMA experiment The amide nitrogen has a spaRpan= 011 — 033, of 155 ppm
used to determine membrane protein structures in orientedanoI vanishing deviation from axial Symmetdiey = 022 —
membrane$:€ If the shielding tensor principal components and 033 The unique componenty,, is the most deshielded and lies
their molecular orientation are known, peptide plane orientations in the peptide plgne rotated 2from the N-H bond toward C
can be determined from the 2-D correlation8f chemical of the same amide group.

shift and *>N—!H dipolar coupling. Analogous to solution From studies of peptides of the form Ac-Gly-X-NHt was
concluded that there is no single amide shielding tek&br.
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The central amide linkage in these peptides=Xala or gly, in N-formyl-gly-gly amide are predominantly affected-Z0
respectively) have substantial deviations from axial symmetry, ppm) by the nearest torsion angles, 1 and ¢;, with smaller
Odev = 24 or 41 ppm, and large spans, 170 or 185 ppm, changes {8 ppm) dependent og;—; and y;. Compared to
respectively. Tensor orientations were examined using@ie- empirical conformational surfaces of isotropic shifts as a
15N dipolar couplings and found to be similar to that in gly- function ofyi—1 andi,? theoretical predictions are similar but
gly-HCI (611 is 20° from the N-H bond)!213 With the quantitatively largef? This difference is potentially due to
symmetry based assumption thaf; and d33 should lie ap- neglect of other properties in the statistical analygisi( i,
proximately in the molecular plané,; was identified as the  and H-bonding, for example) or the fact that ab initio calcula-
component close to the peptide plane normal. More recently, tions are frequently scaled down to better compare with
observation of thé>N—!H dipolar coupling inN-acetylglycine experiment. Extensive DFT calculations of isotropic shfits

indicates thats3 can be out of the plan¥. in longera-helices angs-sheets indicate a similar hierarchy of
Not surprisingly, the imide nitrogen in ala-pro has substan- €ffects with an important addition. The direct H-bond to the
tially different shielding parameters. Bothyan and dgey are amide nitrogen has a larger downfield shift in hetx3.7 ppm)

large, 197 and 101 ppm, respectively. However, the orientation than sheet residues-(.2 ppm), and for both, the effect of an

of the downfield component is, within a few degrees, the same indirect H-bond at €O is larger than the direct H-bond.

as that described abo¥eThe val residue of gramicidin, with In this paper, we present a systematic experimental investiga-
65pan: 165 ppm andsdevz 25 ppm}e Suggests that the effect tion of glycyl 15N peptlde Sh|e|d|ng The available evidence

of amino acid type, proline aside, is in the range seen for gly indicates that the properties that determine shielding in peptides
residues. and small fragments are entirely relevant to protéihgvhile

a complete study would include all amino acids, the peptides
studied here contain [2C*N]gly at the central residue and
have torsion angles representing helix, sheet, and polyglycine
Il 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 BSC NMR.? Additions in the
current study include two polymorphs of GGG, new polymorphs
of AGG and GGV, and the peptide GGF. Consequerifiy,
shielding values are reported for GGG in four forms and GGV
and AGG in two forms with distinct conformations and
H-bonding arrangements. Three aspectsdf shielding are
examined. First, we examine the extent of internal motion in
the solid state by determining shielding parametersE3°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-
eeg-HCI and a small number of powder sample studies using
one dipole coupling®C'—15N, 15N—H or 1N —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 axisgpii1, could be determined, while, in the
powder sample experiments, the dipole coupled spectrum is

Conformation is an important factor AN shielding.
Compared to gly-ghHCI, zwitterionic gly-glyH,O has a
different crystal conformation and its shielding parameters are
larger,dspan= 175.5 ppm an@gey = 30.5 ppmt’ This is further
established with the nonionic peptide Boc-gly-giyN]Igly
benzyl ester which crystallizes in monoclinic and triclinic
forms!® An X-ray structure was determined only for the
monoclinic form, but both have H-bonded amides and differen
spans, 168 or 184 ppm, and deviations from axial symmetry, 7
and 47 ppni Glycyl 15N principal components in homopolypep-
tides adopting helical or sheet conformations show a consistently
larger dqev for sheets? More recently, °N]gly shielding
parameters in several peptides of known conformation were
reported and interpreted in terms of H-bond distariées/e
note that the peptides wighstrand torsion angles at the labeled
gly position have similar shielding parameteigan~ 181 ppm
and dgev &~ 39 ppm, which are larger than the single example
with anoa-helix like conformationdspan= 161 ppm andgey =
15 ppm. A similar dependence of tensor parameters dn 2
structure was reported in NMR studies of weakly oriented
ubiquitin® 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 averag
Ospanand dgey for -sheet residues.

The effects of conformation and H-bonding &N amide
shielding and isotropic shifts have also been studied theoret-
ically.29-24 Changes in tensor components at the central amide

(12) Oas, T. G.; Hartzell, C. J.; Dahlquist, F. W.; Drobny, GJPAmM. Chem.

Soc. 1987, 109, 5963-5966. invarignt to an arbitrary rota’Fion of the shielding tensor about
(13) SHartigllé7CiOJq;SVgggrflggdégM.; Oas, T. G.; Drobny, G. P. Am. Chem. the dipole-dipole vector:? With double-labeled samples, we
oc. A . . K . R
(14) Lee, D. K.; Wittebort, R. J.; Ramamoorthy, A. Am. Chem. Sod998 Onent_ the shielding tensor rela“V? to theN—1H pond (by
120, 8868-8874. _ applying Lee-Goldburg'H decoupling®) and relative to the
(15) Valentine, K. G.; Rockwell, A. L.; Gierasch, L. M.; Opella, SJJMagn. 15 13Ca . . .
Reson1987 73, 519-523. N— bond (by applying onlyH decoupling). Combined,
(16) Wang, C.; Teng, Q.; Cross, T. Biophys. J.1992 61, 1550-1556. th Xperiments r the tensor orientation to twi -
(17) Roberts, J. E.; Harbison, G. S.; Munowitz, M. G.; Herzfeld, J.; Griffin, R. ese expe € S educe the tensor orie a on to 0 pos
G. J. Am. Chem. Sod.987 109, 4163-41609. sibilities and confirm that botld11 and d33 can lie out of the
(18) Hiyama, Y.; Niu, C. H.; Silverton, J. V.; Bavoso, A.; Torchia, D. A. i i i nei
A Chem. Sod988 110 23762383, peptide plane, albeit by a small amount. Finally, principal
(19) Fukutani, A.; Naito, A.; Tuzi, S.; Saito, H. Mol. Struct.2002 602—603
491-503. (23) Walling, A. E.; Pargas, R. E.; deDios, A. &.Phys. Chem. A997, 101,
(20) Xu, X. P.; Case, D. AJ. Biomol. NMR2001, 21, 321—333. 7299-7303.
(21) Xu, X. P.; Case, D. ABiopolymers2002 65, 408—-423. (24) Luman, N. R.; King, M. P.; Augspurger, J. D.Comput. Chen001, 22,
(22) Le, H. B.; Oldfield, E.J. Phys. Chem1996 100, 16423-16428. 366-372.
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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 protein®N shifts; direct and indirect
H-bonding of the amide group, preceding residue typeiangd

¢i, xi—1 torsions. Examination of the shielding tensor spans and
deviations from axial symmetry shows that both are grouped

+20°C

according to 2 structure.

Experimental Methods

Peptide SamplesMethods used for peptide synthesis and charac-
terization by X-ray crystallography have been described previdusly.
In addition to peptides previously studied, additional polymorphs of
G*GG?>?¢ and G*GPF” were prepared for the present study using the
same methods.

NMR Spectra. 1N NMR spectra were obtained on a home-built
11.7 T instrument®®N Larmor frequency of 50.2 MHz) wita 4 mm
(*H/XC/*5N) triple-resonance MAS probe built on a design previously
described® Sample spinning speeds were controlled to withi® Hz
(Doty Scientific, Columbia, S.C.}°N spectra were excited by cross-
polarization from abundant protons using @3l ms Hartmar-Hahn
contact {B,N/2x = yB;"/2r = 40 kHz) and accumulated with high
power (B:"/2r = 125 kHz) two pulse phase modulated (tppm)
decoupling® with recycle times sufficiently long to give equilibrium
signal intensities. The tppm phase shift was 22abd line widths were
minimized by adjusting théH flip angle (~150°). Spectra with scaled
1H dipolar coupling were obtained by simultaneous applicatioF@f
and off-resonant LeeGoldburg *H decoupling®® All spectra were
referenced to external solid ammonium chlofidend then converted
to the liqguid ammonia scal®using diso(**®NH4Cl, solid) = 39.1 ppm.

A typical sample size was HP0 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 x 0.05 mnd) colorless single
crystal of AGGHCI (CCDC code 213476) was mounted on a kryoloop
with Paratone oil for data collection. A total of 1868 30 s framscan
exposures of data were acquired to & fthax = 56.44 using
monochromated Mo K radiation (0.710 73 ®)Frame data were
processett to determine final unit cell parameters € 5.2258(5) A,

b =8.7007(9) Ac=22.970(18) Aa =B =y = 90°, V = 1044.42-
(18) A3, Z = 4, peaca = 1.524 mg m?3) and produced 8593 raw

reflections that were corrected for absorption (transmission min/max

= 0.795/0.987; = 0.366 mnTY).3% The structure was solved by direct

methods in the noncentrosymmetric orthorhombic space group

P2,2,2, using SHELXS-9¢f and refined by least-squares methods on
F2 using SHELXL-977 incorporated into the SHELXTL (v. 6.1¥)

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

(25) Meuleman, R.; Piret, P.; Vanmeers, Mcta Crystallogr., Sect. R971, B
27,1187-1190.

(26) Van der Helm, D.; Willoughby, T. VActa Crystallogr., Sect. B969 B25
2317-2326.

(27) Murali, R.; Subramanian, Eat. J. Pept. Protein Re4.987, 29, 374-380.

(28) Zhang, Q. W.; Zhang, H.; Lakshmi, K. V.; Lee, D. K.; Bradley, C. H.;
Wittebort, R. J.J. Magn. Reson1998 132, 167-171.

(29) Bennett, A. E.; Rienstra, C. M.; Auger, M.; Lakshmi, K. V.; Griffin, R. G.
J. Chem. Phys1995 103 6951-6958.

(30) Lee, M.; Goldburg, W. IPhys. Re. 1965 140A 1261-1271.

(31) Hayashi, S.; Hayamizu, KBull. Chem. Soc. Jprl991, 64, 688-690.

(32) Levy, G. C.; Lichter, R. LNitrogen-15 Nuclear Magnetic Spectroscopy
John Wiley & Sons: New York, 1979.

(33) SMART version 5.625; Bruker Advanced X-ray Solutions, Inc.: Madison,
WI, 2001.

(34) SAINT, version 6.22; Bruker Advanced X-ray Solutions, Inc.: Madison,

1

(35) Sh’eldrick‘, G. M.SADABS version 2.02;Area Detector Absorption
Correctiony University Gdtingen: Gdtingen, Germany, 1997.
(36) Sheldrick, G. MActa Crystallogr., Sect. A99Q 46, 467—-473.
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Figure 1. 13C coupled®™N spectrum of AGG acquired at123°C and 20
°C. Within spectral resolution (4 ppm), all spectral features including the
overall breadth are unchanged upon changing the temperature {143

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 reflectiongR(int) = 0.048), the final anisotropic

full matrix least-squares refinement & for 165 variables converged

at R1= 0.053 and wR2= 0.109 with a GOF of 1.05 and 0.416e A
residual. The absolute structure was determined by refinement of the
Flack parameter (0.07(1)). X-ray structural analysis for GB®I
(CCDC code 213477) was preformed on a 0:3%.14 x 0.06 mn¥
colorless needle using an identical data acquisition strategy described
above to a 2 max= 56.42. GGV-HCI crystallizes in the space group
P2,2;2; with the following unit cell parametersa = 6.9890(8) Ab

= 8.2684(10) Ac =21.834(3) Ao ==y =90, V = 1261.8(3)

A3, Z = 4, and peaca = 1.409 mg m3. The 11 002 raw reflections
were corrected for absorption (transmission min/rra©.951/0.980;

« = 0.311 mnT?), 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 reflectid®{@f)

= 0.0263), the final anisotropic full matrix least-squares refinement
on F? for 184 variables converged at R4 0.027 and wR2= 0.055

with a GOF of 1.01 and 0.277e-Aresidual. The absolute structure
was determined by refinement of the Flack parameter 0.03(4). Selected
bond distance and angles involving, () 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 ant®N Shielding Tensor.
Figure 1 shows powder spectra of AGG at®ZDand—123°C.
The crystallographi®-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 150C, 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.

(37) Sheldrick, G. M.SHELXL-97 Program for the Refinement of Crystal
Structures University Gdtingen: Gidtingen, Germany, 1997.

(38) SHELXTL, Program Library for Structure Solution and Molecular graphics
version 6.12; Bruker Advanced X-ray Solutions, Inc.: Madison, WI, 2001.
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Figure 3. 15N shielding tensor orientations in the peptide frame. Reference
axes are defined such thais normal to the peptide plane amds along

the N—C' bond. One of two possible orientations of the VGG tensor is
shown. In the other orientation, angles are the samejfuis rotated to

the other side of anddss is below the plane. The orientation in the sheetlike

. . . . GGV polymorph is similar as follows1; is 23.5 from the N-H bond,

250 200 150 ppm 100 50 0 O22is 13 fromy, anddas is 14° from z

Figure 2. H (top) and 13C (bottom) coupled!™N spectra of VGG. Table 2. >N Shielding Parameters, diso, dspan = 011 — d33, and
Experimental spectra are in black dots, and simulations with optimum fitting dgey = 022 — 0332
parameters, Table 2, are in black lines. Also shown, in blue, are spectrum

simulations forg = 0°. Insets are contour plots g in the region of the peptide (code) Oso (PPM)  Oun (PPM)  Ouev (pm) ' (ppm)

optimum values. VGG (COPBIS) 113.7 176.2(2.0)  34.9(2.5) 103.9
GGG (BIBRUZ) 103.2  176.4(1.8) 34.6(2.7) 104.2

Table 1. Polar Orientations of the N—H and N—C* Bonds GG@ (GLYLIB) 109.2 171.9(2.5)  20.8(4.1) 107.0
Determined from the Dipole Coupled Spectra, Figure 22 GGF (GADMIH) 108.2 169.0(5.0) 14.0(5.0) 107.7
peptide (Onen S0 (Orcw Drce) GGE (TGLYCY10)  107.7  174.8(14) 23.0(2.5) 108.1
GGV2(213477) 110.1  168.0(2.6) 28.0(5.0) 101.4

GG\ 20.0(1), - - - 135(7), - - - GGG (GGGCAC) 116.0 161.9(3.6) 10.0(7.0)  104.4
GGVva 23.5(1), £31°(6) 138(7), £7°(13) YGG (LTYRGG) 104.8 162.8(2.4) 11.7(4.4)  104.4
VGG 21.0(1), £15°(7) 138(4), £6°(13) GGV (CUWRUH) 112.8  164.0(5.0) 7.00(5.0)  106.9
FGG (FIZWIUO1) 1159  170.2(1.7) 17.9(3.1) 107.0
aThe polar angles are relative to a frame in which the shielding tensor PGG (FABXUB10) 106.7 157.4(1.9)  7.30(3.9) 102.4

is diagonal X, y, andz along dss, 922, anddus, respectively). AGG? (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

Shielding Tensor Orientation from Two Dipolar Cou- -
plings. Shown in Figure 2 aréH and3C coupled™®N spectra by"y”dg'g_ua'_c?émPoiegtsﬁ)i}éaﬁsflﬁgfgdt% tﬁlt:ep\;?;%ezig%njn(%édef
of VGG which display the combined effects 8N shielding 6150)(313— nzllsg)l’zusé?ri]n thgegnaiysis of relaxation experiments. SuSérscripts,
and dipolar coupling from eithetH—15N (top) or 13C—15N which are used in Tables 1-4, label different polymorphs. GG& two
(bottom). Simulations shown in Figure 2 are parametrized in &?Jfrgllﬂgeli |petsr;§uzz§ymmetrlc unit with equivaléft isotropic shifts at the
terms of the polar orientation? ), of the N—H or N—C® bonds
in'th.e orthogonal frame of the experimentally determined yatermined thanp angles since,
principal components taken from Table 2. We have used
standard peptide bond leng?fg1.04 A for N—H or 1.46 A
for 13C2—15N), and the Lee-Goldburg scale factor0.58) was
treated as a fitting parameter which accounts for either a
somewhat different NH bond length* or a nonideal scale
factor. Listed in Table 1 are the best-fit angles for VGG and
two GGV polymorphs. For exampléxy is the angle between
the N—H bond andj;1. Furthermore, a nonzekany indicates
that the N-H bond is out of the)11,033 plane. The orientations
and uncertainties (67% joint confidence limits from tife=
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 (iyN\H orientations in which
011 is not rotated~20° from the N-H bond toward C! and
(i) N—C> orientations that are not close to the crystallographi-
cally observed HN—C* bond angle £118)3 yields unique
6 values but only the magnitudes ¢f Compared to N-C*,
the N—H bond orientation is more accurately determined due
to the larger'H—15N coupling, and 6 angles are better

in the limit of an axially
symmetric shielding tensap,is arbitrary and thus undetermined.
This is the case of tha-helixlike polymorph GGV, and only
Onn = 20° is well determined. For the sheetlike peptides, GGV
and VGG, the N-H bonds are clearly out of the plane defined
by 611 and ds3 (¢pnu = 0), while the N-C* 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 geometPyobtained using the transfor-
mation obtained in the appendix). The important conclusion is
that, to a modest degreé;; and ds3 do not lie in the peptide
plane. These results are in agreement with both experimental
observations based on-NH dipolar coupling&*“°and theoreti-
cal calculationg?

Shielding Parameters in Glycyl Peptideslsotropic chemical
shifts, diso, @and the anisotropic shielding parameteysa,and
Jdev are listed in Table 2 for the 13 peptides. We first consider

(40) Lee, D. K.; Wei, Y. F.; Ramamoorthy, Al. Phys. Chem. R001, 105,
4752-4762.

(39) Voet, D.; Voet, J. GBiochemistry 2nd ed.; Wiley & Sons: New York, (41) Brender, J. R.; Taylor, D. M.; Ramamoorthy, A.Am. Chem. So2001,
1995. 123 914-922.
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Table 3. Summary of Tripeptide Structural Data?

sequence 2° charge Y1 (deg) ¢» (deg) Y2 (deg) %1 (deg) T (A) o (A) Jiso (ppM)
VGG sheet zZwit 123 —155 155 —53 3.05 3.05 113.7
GGE sheet +1(HCI) 165 —153 160 absent 2.96 103.2
GG@® sheet zwit —147 63 —141 2.81 2.95 109.2
GGF sheet +1(HCI) 166 64 —153 2.92 3.17 108.2
GGC& ext “ —150 178 172 2.92 2.94 107.7
" " “ —162 —165 175 3.13 2.99 107.7
GGVv? sheet +1(HCI) 180 —159 167 2.80 2.59 110.1
GGGE helix zwit 163 —98 -3 2.40 3.33 116.0
YGG helix “ 164 81 —12 74 absent 2.88 104.8
GGW helix ! —156 =77 —22 2.99 2.78 112.8
FGG helix “ 116 —90 —29 176 3.00 2.81 115.9
PGG 3 “ 178 —-71 167 32 3.20 2.84 106.7
AGG?2 3 “ 160 —83 169 3.00 2.93 104.8
AGGP 3 +1(HCI) 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 zaiiterion, and HCl is the hydrogen chloride
salt.

Table 4. Contributions to the Predicted Isotropic Shifts and predicted based on similar torsion angles. While both peptides
Comparison with Experiment® have direct and indirect H-bonds, they are shorter in G&@!
peptide  2°  O(y1g) O(t) O(HB-)  O(HB-D)  Oiolpred)  Oisolexptl) expected to result in an additional downfield shift. Using density
VGG  sheet 25 -05 38 1.0 1115 1137 functional calculations for H-bonds in helices, the net downfield

ggg 22:2; :%-8 8-8 g-g ig igg-g iggé shift for conformation and H-bond length is 1.5 ppm; in good
GGE  sheet —2.0 00 44 080 1079 1082 agreement With the 1_ppm_ experimental diff(_are_nce. Thg effect
GGG ext. -1.0 00 4.4 1.4 109.5 107.7 of H-bonds on isotropic shifts is most dramatic in G&@ich

! " —-1.0 00 35 12 108.4  107.7 has no indirect H-bond and, accordingly, the most upfield shift
GGV® sheet —-10 00 50 37 1124 1101 (103.2 ppm) of the sheet residues. The most deshielded sheet
GGG helix 2.0 00 50 3.0 1171 116.0 . . - . e

YGG  helix -20 -20 00 37 106.8  104.8 residue, VGG withiso— 113.7 ppm, has both direct and indirect
GGV®  helix 0.5 00 26 3.7 1139 11238 H-bonds, but they are relatively long and cannot alone account

FGG  helx 35 -20 26 37 1149 1159 for the large downfield shift. The remaining downfield shift can

Zgge 331 %:8 _g_'g :’_'g 11."? 118;'_'(? 1182'; be parsed into two similar contributions from the backbone
AGGd 3, 20 -33 49 11 103.2 102.8 torsion angles and the side chain conformatipn~ 18C°) of
the preceding val residue.
? For sheeto-helix, and 3-helix residuesdrer = 104.7, 107.1, and 98.5 Contributions to the observed shifts predicted in this way for

ppm, respectively. the complete set are summarized in Table 3 using an additive

the isotropic shifts for which there is a substantial empirical Mmedel with five terms.

and theoretical understanding based on structure. Important

determinants identified are the neighboring torsion angles,( Oops= O(11,9) + 0(xy") + 6(HB-I) + 6(HB-D) + 6, (1)

@), to a lesser degree the adjacent anglesi( i), the type

and side chain conformationgij(l) of the preceding residue, As above, the contribution from backbone torsions is taken

and H-bond distances (direct and indirect). These structural from an empirical chemical shift surfaéayhile the effects of

properties, taken from the X-ray structures, are listed in Table side-chain conformationd(y:%), and indirect and direct H-

3. Since the central residue of tripeptides is studied hres bonding, 6(HB-I) and 6(HB-D), are from the Xu and Case

irrelevant and not listed. analysis of their DFT calculations (Table %)Also following
Several comparisons are helpful in isolating individual effects. Xu and Case, we have used different reference shiiftg,for

For example, GGY, diso= 112.8 ppm, and FGG)iso= 115.9 different 2 structured! adjusted here to best fit the data. The

ppm, have similar helixlike torsion angleg,( v»), both direct observed shifts are reasonably well predicted indicating that the

and indirect H-bonds with nearly equivalent H-bond distances, simple analysis accounts for the primary determinants and their

but differenty,. This suggests that the shift difference of 3.1 approximate sizes.

ppm is due to conformationy; and y1, and/or the type of The variation of principal components is larger than the

preceding residue, G or F. Density functional calculations variation of isotropic shifts, Table 2. The range fas anddss

indicate that replacing a preceding G with F and= 180° has is 16 ppm, while that fob,, is 22 ppm. Moreover, shielding

little or no effect in a helix structure. To examine the effect of parameters are grouped according to their corresponding 2

backbone conformation, we use empirical conformational structures indicating that conformation is a dominant factor in

surfaces compiled from solution NMR studiaince the recently  dspan@nd daev. Sheet and extended conformations have large

described procedufébased on DFT calculations cannot be dspan 169-176 ppm, and largége,, 21—35 ppm. Helix residues

applied to tripeptidedt With ¢, = —80°, varying v from have intermediatéspan 162-170 ppm, and smalle¥ge,, 7—18

—156° (GGWP) to 116 (FGG) results in the 3 ppm downfield ppm. The smallest spans are observedsihdices, 157167

shift that is observed here. Applying these same conformationalppm, which also have smalbge, 7—23 ppm. Shielding

surfaces to two sheet peptides with the same preceding residueparameters for gly in sheetlike conformations are comparable

GG@, diso= 109.2 ppm, and GGFj)iso= 108.2 ppm, a small  to the “average” tensor reported by Cornilescu and®Baxall

0.5 ppm downfield conformational shift for the former is sheet residues in ubiquitidspan= 174.2+ 4 ppm andgey =
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26.2+ 3 ppm. Their values for the “average” helix parameters, Table 5. Identification of 2° Structure Based on Glycyl *3C* and

depan= 170.7+ 6 ppm anddge, = 9.6 + 4 ppm, are also  _N Shielding
comparable albeit a somewhat smabggan 2° Ospan, *°C* (ppm) OdevlOspan, °C* Ocev, N (ppm)
. o-helix 32-45 0.25-0.40 <20
Concluding Remarks B-sheet 2458 0.35-0.90 >20
31-helix 45-55 0.35-0.55 <20

Accurate knowledge of°N chemical shielding parameters
is essential to a wide variety of solution and solid-state NMR
experiments. A library of these parameters obtained from Of solid-state NMR studies of peptides for understanding the
structurally characterized tripeptides shows systematic trendsstructural basis of chemical shielding in proteins.
in glycyl isotropic shifts, tensor spans, and their deviations from  Chemical shielding parameters reported here are found to
axial symmetry. Tensor spans, for example, are found to vary have two useful properties: (i) they vary over a fairly large
over a large range, 157.4 ppm to 176.4 ppm, and low range (19 ppm fodspanand 28 ppm fobge,) and (i) bothdspan
temperature experiments confirm that these are representativeétNdddevare grouped according td 8tructure. The latter feature,
of static values. While this library is limited to glycine, the distinct from that seen fadiso, is particularly notable fodgev
ranges of shielding parameters are comparable to those deterfFor example, the threé-sheet or extended polymorphs of GGG
mined for other amino acids in both peptides and the averagehaveddey = 21-35 ppm, while thex-helical form hasdgey =
tensor measured in a weakly oriented proféi1410 10 ppm. Similarly, the3-sheet polymorph, GGY hasdgey =

We have used two dipolar couplingdi—15N and 13Co— 28 ppm and thex-helical form, GG\, hasdgey = 7 ppm. We
15N, to orient the shielding tensor relative to the peptide plane. anticipate that a quantitative quantum chemical model for
Based on théH—15N coupling, the angle betweehn; and the predicting and understanding the structural basis of these results
N—H bond, 6y, is accurately determinedt(l°) and is in the is possible and such a model would be useful in solid-state

range previously seen, 2@5°. While it is frequently assumed ~ Structure determination. More immediately, these results are
that the 011, 033 shielding tensor and peptide planes are useful for qualitative identification of the”tructure. Previously
coincident, this is not confirmed here. Based on tHe-N we identified that glycy3C* shielding parameters are useful
coupling inN-acetylglycine, a similar conclusion was reported for distinguishinga. and 3 helices based 0dspan(32—50 ppm
previously The orientation, pictured in Figure 3 and derived and 45-55 ppm, respectively) andge/Ospan (0.25-0.4 and

in the appendix, is not unique and somewhat imprecise. That0.35-0.45, respectively). Identification ¢f structure, which
two orientations are consistent with experiment is an inherent has a wide range afspan (24—58 ppm) andge/dspan (0.35~
ambiguity of the approach based on dipolar couplings and the 0-90), is more difficult. This ambiguity is resolved with the
lack of precision results from the fact th#N amide tensors  addition oft*N shielding, in particular the value de.. These
typically have smalbge. We anticipate that the correct choice ~constraints are summarized in Table 5.

of the two possibilities given here could be made with ab initio Acknowledgment. We thank Professor Joseph Sinski and
shielding tensor calculatiorf$#?Alternatively, a modest number g Compton for help in the synthesis of G*GF and the partial

of single-crystal tensor determinations in addition to that of gly- support by NIH Grant Number P20 RR16481 from the BRIN
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Isotropic®>N glycyl shifts in the 13 peptides vary from 102.8  esearch was supported by NIH Grant AR41751-07 and the
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proteins. Notably, the range in the sheetlike structures exammedx_ray instrument).

is nearly as large. An additive model appropriate for tripeptides

based on contributions from the nearest backbone torsion angles, Supporting Information Available: The appendix includes
the previous residue and its side-chain conformation, indirect @ derivation of the molecular orientations of the 15N tensors in
H-bonding to G=0, and direct H-bonding to NH is used. a standard peptide frame using the data of Table 2 and
There is good agreement with experiment using empirically Supporting Information reported for the X-ray structures.
determined reference shifts far 8, and 3-helix structures, as  Included are ORTEP diagrams and CIF files for GEICI
suggested by a recent DFT based procedure for calculating(CCDC Code 213477) and AGECI (CCDC Code 213476).

protein chemical shiftd! This indicates the general relevance This material is available free of charge via the Internet at
http://pubs.acs.org.
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