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Abstract: The carbon-13 nuclear magnetic resonance shielding surfaces for the isotropic and anisotropic shielding
components,gi1, 022, and oz, for C* in N-formylglycine amide, and €and & in N-formylalanine amide,
N-formylvaline amide f; = 180C°, —60°, 60°), N-formylisoleucine amide (alyz = —60° conformers), N-formyl

serine amidey; = 74.3), andN-formylthreonine amidey; = 180°, —60°, 6C°) have been computed at the Hartree

Fock level by using large, locally dense basis sets. The results%an Glycine and alanine show the expected
~4—5 ppm increase in isotropic shielding of sheet over helical geometries, and the overall breadths of the shielding
tensors are very similar for both helical and sheet fragmeéogs € 011) ~ 31—37 ppm). However, for each of the

Cf substituted amino acids (valine, isoleucine, serine, and threonine) our resulfsifaicte not only the expected

~4—5 ppm increase in shielding of sheet fragments over helical ones but also a large increase in the overall tensor
breadths for sheet residues over helical ones, and a change in tensor orientation. On average, the sheet residues
have|oss — o11] ~ 34 ppm, while on average the helical value is onl22 ppm. For each Csubstituted amino

acid, the results for €also show thatoz, — o11/(sheet)> |02, — o11/(helix). For &, the helical and sheet tensor
breadths are in general much more similar for a given amino acid, although the actual magnitudes vary widely from
one amino acid to another. Since the individu&lténsor elementssi, 022, andoss, are all quite sensitive to not

only the backbone torsion angles,y, but also to the side chain torsion angle,as well, these results suggest that

it will in many instances be possible to deduce both backbgme)(and side chainyg) torsion angles from an
experimental determination of the three principal elements of@feshielding tensor, results which can be confirmed

in some cases with data orf Cand C). Such an approach, based on guantum chemical calculations, should be
useful in determining the structures of both crystalline, noncrystalline, and potentially even soluble peptides and
proteins, as well as in refining their structures, using shielding tensor elements.

Introduction nation of single-atom shifts and shielding tensor elements in
quite large protein&:® It is thus timely to consider just what

Recent improvements iab initio quantum chemical meth- : > oo
P a one might learn from an analysis of, say, @& a & shielding

odologies, when combined with similar improvements in : . . o~
computer hardware, have recently permitted the first successfull€NSOr in @ protein. Toward this end, thé hielding tensors
predictions of thé3C, 15N, and®F nuclear magnetic resonance N & Series of alanlne_-conta_mmg trlpeptld'es,. e.g. gla—*ala—ala,
spectra of proteins in solutidr? and have led to methods for have recently been investigatédihe basic idea is to use
refining existing solution structurésHowever, there has been ~duantum chemically calculated*Ghielding surfacéstogether
relatively little attention paid to the anisotropic components of With Bayesian prOb_c’:lbllll%/—the “Z-surface” method described
the chemical shift. This is because there is a dearth of solid- Previously forsolution **C chemical shift¥’ —to deduce the
state chemical shift information available on proteins. This Peptide backbone torsion anglgsandy.” The method has
situation can be expected to improve as higher field spectrom- recently been shown to be quite accurate, with only small errors
eters and novel multidimensional experiments are developed,from X-ray crystallographic results being obtairfed.

and indeed there are already several examples of the determi-
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The next step is to investigate the effects of side chgijp (  the basis set dependence of shielding in valine has been reported by us
torsion angles on shielding, or more specifically, how the previously (see ref 19 for details).
individual shielding tensor elements vary withy andy. Here,
we will not discuss full shielding hypersurfaces, since in separate Results and Discussion
work involving geometry optimizatiok! it appears that the
standardy conformers cover most structural situations. We
therefore discuss here results describing how the individual

components of the €and ¢ shlgldmg tensors vary with,y determine the effects of side-chain substitution and conformation
at the populay, andy, geometries. Full Ramachandrgn) on the C shielding tensor. In previous work, we have

shielding surfaces have been computed for isoleucine, serine, . 9 . . . )
X ; investigated € shieldings in glycine, alanine, and valine, but
and threonine at selected, x> geometries, and these results S . . ) L
are compared with full shielding tensor surfaces for glycine, "o focused primarily on the isotropic shifts or shieldings,
comp . ) 9 . gy ’ .especially in relation to the ability to reprodut¥ chemical
alanine, and valine, whose isotropic shifts were already reported _, ..~ o b -
. . . X . shifts in proteind:?2 For these three amino acids, we found a
previously by us in large basis set calculati8ng/e find rather - . .
. - . L . good correlation between the experimentally obsef¥€dshifts
unexpected, major differences in shielding anisotropy, and

asymmetry, between®n helical and sheet geometries in the and thase computaah initio, 250 "which led us 1o develop
CP-substituted amino acids (valine, isoleucine, serine, threonine) methods for the refinement of alaning¢) and valine §,y.y)

. ; . torsion angles in proteins in solution, using these computed
investigated. For £ the differences are much smaller, and vary _, > . o O

. ! " shielding surface$. In addition, once the shielding surfaces are
from one amino acid to another. These results should facilitate

-~ known, it then becomes possible to actually predict, at least for
the further development of novel methods for structure predic- . . ) . .
. : - ..~ alanine, whichp,y values are consistent with the experimental
tion and refinement, based on the experimental determination

L ! o chemical shiffl For example, for alanine residues in proteins,
of the principal elements of the chemical shielding tensor, both : . )
. . . . : we have used € Cf, and H* isotropic shift surfaces to enable
in the solid state and potentially in solution as wéll.

the prediction of the experimentaly values to an accuracy
(versus the X-ray structure) of abahfi0—15°, using these three
parameterd® While this difference is quite sizable, the errors
The principal elements of th&C* and 2*C# chemical shielding in the grystal structu.res are also approximatgly this 18%da.
tensors, and their orientations, were computed with the Texas pro- the solid state, Fishifts are often not accessible, but @nd
gram#314 which was kindly provided by Professors Peter Pulay and C? shifts should be. Moreover, in smaller peptide systems, it
James Hinton and Dr. K. Wolinski. Calculations were carried out on has also recently been shown to be possible to deduce the
a cluster of International Business Machines (Austin, TX) RISC principal elements of thé3C® shielding tensorgii, o2, and
workstations, RS/6000 Models 340, 350, 360, 365, and 3CT. As we g33 and then to use these tensor elements to pregdjctalues
have described in detail in previous wdk,we useN-formyl amino i good accord with those deduced from a high-resolution crystal
acid amides in qurshle_ldlng calculatlons. For example, for isoleucine, structure’ There is thus reason to be optimistic that in the
we useN-formylisoleucine amide: future, ab initio computed shielding surfaces, when combined
with experimental shielding tensor element measurements, may

We first consider the principal components of th&*
shielding tensor for the followiny-formyl amino acid amides,
glycine, alanine, valine, isoleucine, serine, and threonine, to

Computational Details

(|:H3 enable new general approaches to structure determination in

CHa_ CH. proteins, or at the very least, that they should assist in structure

<|3H refinement, by permitting a rejection of unacceptable solutions
_cH (as in the chemical shift refinement of alanine and valine in a
CHO—NH \CQNH2 Staphylococcahuclease, ref 3). Of course, to be most useful,

there should be large shielding differences between helical and
The geometries employed were those obtained by extensively energySheet structures, and between different side chain conformations.
minimizing the bond lengths and three atom angles with a steepest We next consider, therefore, the shielding patterns we observe
descents algorithm, and they represent the geometries present in ain Six amino acids, which comprise the majpry and y1/y2
Amber force field!® Ab initio geometry optimization has been studied conformations, for a total of 69 shielding surfaces.
by us in valine, and the use of geometry optimized structures has only  Ce jn Glycine and Alanine. We first briefly reconsider the
a very small ef{é‘?d on the shieldings observedwe used a locally o simplest amino acids, glycine and alanine. In the past, these
dense basis sétin the coupled HartreeFock (CHF) shielding two amino acids have been the topi ; s

. pic of investigation by
13,14 _ .

calculations®'46-311++G (2d,2p) on the bold atoms shown above, ourselves and by othe?s:2¢ For example, in early wofks

with a 6-311G basis on the other atoms, where the notations refer to ted that it ible t lcul@® and & shift
the standard basis sets of Pople and co-workeis.detailed study of we réeporte at itwas possible 1o calculate™ an Shitts
of alanine residues in proteins ardN shifts!® and that

(11) Pearson, J. G.; Le, H.; Sanders, L. K.; Godbout, N.; Havlin, R. H.; Ramachandran shielding surfaces correctly predicted the well-
Oldfield, E.J. Am. Chem. Sod.997, 119, 1194111950.

(12) Tjandra, N. T.; Hu, J.-S.; Ottiger, M.; Marquardt, J.; Delaglio, F.; (19) Laws, D. D.; Le, H.; de Dios, A. C.; Havlin, R. H.; Oldfield, &.
Bax, A. Experimental NMR Conferenc®rlando, FL, March 26, 1997; Am. Chem. Sod 995 117, 9542-9546.
Abstracts, p 40. (20) Morris, A. L.; MacArthur, M. W.; Hutchinson, E. G.; Thornton, J.
(13) Wolinski, K.; Hinton, J. F.; Pulay, B. Am. Chem. So499Q 112 M. Proteins1992 12, 345-364. Thornton, J. M.; Hutchinson, E. G.; Jones,
8251-8260. S.; Laskowski, R. A.; MacArthur, M.; Michie, A.; Orengo, C. M.; Rullman,
(14) Pulay, P.; Wolinski, K.; Hinton, J. FThe TEXAS Program J. A. C,; Kaptein, R.XVIlth International Conference on Magnetic
University of Arkansas: Fayetteville, AR, 1991. Resonance in Biological Systeneystone, CO, 1996; Abstracts, p 66.
(15) de Dios, A. C.; Pearson, J. G.; Oldfield, &iencel 993 260, 1491 (21) Asakawa, N.; Kurosu, H.; Ando, I.; Shoji, A.; Ozaki, J. Mol.
1496. Struct.1994 317, 119-129.
(16) Weiner, P. K.; Kollman, P. AJ. Comput. Chem1981, 2, 287— (22) Asakawa, N.; Kurosu, H.; Ando, 0. Molec. Struct1994 323
303. Brooks, B. R.; Bruccoleri, R. E.; Olafson, B. D.; States, D. J.; 279-285.
Swaminathan, S.; Karplus, M. Comput. Chenl983 4, 187-217. (23) Sulzbach, H. M.; Schleyer, P. v. R.; Schaefer, H. FJ.IAm. Chem.
(17) Chestnut, D. B., Moore, K. Dl. Comput. Chenil 989 10, 648— Soc.1995 117, 2632-2637.
659. (24) Sulzbach, H. M.; Vacek, G.; Schreiner, P. R.; Galbraith, J. M,;
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known helix-sheet separations fot @d &.815 However, other 180 0 MB’
workers have reported essentially no correlation between theory 120 Aiss mo
and experiment! and attributed the alanine®Gshifts seen 60 Ge > ]
experimentally to C hydrogen bonding! a view that was NG i TE,
modified somewhat in later wo Since we have now -0} 148 % <

evaluated~200 C/C* shieldings in proteins and found good
agreement between theory and experiment, it seems likely that
the protein chosen in their studies has either a poor crystal

 (degrees)

structure, peak misassignments, crystnlution structural ’80$ —=r54 2& .y
differences, or a combination of these effects, which obfuscates 120 _ ' £

the clear relationships between shift and structure we have e !
found. 0 e

In a second series of studies, another gfééphas investi- -60 S cpe N 165 6
e ) : ettt
120 AR s
gated G, ((;ﬁ C, ra]md N sh:(eldlnglln glycm((ja ahnd alanlge model _180 ; 6
compounds. These workers also noted that good agreement USSP e

between theory and experiment fof €ould not be described
only in terms of¢ and,2* at variance with our results. They
invoked a major change in planarity of the peptide bor@)®

in helical structures, in order to fit the experimental results on
C'.2* However, this assumption is inconsistent with the
experimental-coupling results of Wang and B&and Hu and
Bax26 and the!>N—!H dipolar coupling results of Tjandra et  Structure than does a solution (NOE) structure, and most
al2” Each of these three experimental studies emphasizes thémportantly, (4) all recent experimental determinations indicate
planar arrangement of the peptide bond, as we have used inPeptide planarity (or up te5° nonplanarity only, refs 25

¢ (degrees)

Figure 1. Computed isotropic shieldings and anisotropic shielding
tensor elements fo¥C® in N-formylalanine amide obtained by using
a Hartree-Fock method with gauge-including atomic orbitals and a
locally dense basis set: (A); (B) o11; (C) 022; and (D) 03s.

our calculations. 27). o o
Solid-state NMR determinations of-NH dipolar couplings We show in Figure 1 full,y Ramachandran shielding

in oriented samples with the separated local field approach alsosurfaces for both the isotropic shielding)(and anisotropic

imply the essentially planar nature of the peptide b&ndt shielding tensor elements4f;, 022, andoss) for C* of alanine

therefore seems likely that the majority of peptide groups are in N-formylalanine amide. The general patterns of a more
planar, in actual proteins. Indeed, the results of Sulzbach ethighly shielded extended sheet regign< —120°, y = 120°)
al24for C%, where a helix-sheet shielding difference of 7.6 ppm over the helical regiong= —60°, y = —60°) can be seen for
was reported, appear to us to be not unreasonable since théi and each shielding tensor element, and similar results are
alanine @ shift range can be as much as 10 ppm. Thet3 obtaine_d for glycine at the sangey values, although o_f course
ppm experimental helix-sheet shift results quoted by these for glycine there are many regions ¢fyy space accessible. The
workers refer simply to “average” helix-shesd values, with question then grlses—loyv accurate are these shielding tensor
the Spera and BaAd resul® quoted by these authors being syrfaces? This question has recently been a.nswered most
up to 6.8 ppmrvery close to their 7.6 ppm helix-sheet directly by Heller et al., who measured thé €hielding tensor

separation. elements in three tripeptides: gly-*ala-val, ala-*ala-ala, and ala-
The major problem of course lies with,@vhere aminus4.3 *ala-.ala-her.nihydraté,where the * indicates that only the central

ppm helix-sheet separation was calculd&th be compared alan!ne .(‘} is 13C-Iabe|ed.' These workers found that, after

with the plus4.6 + 0.3 to 2.1+ 4.0 range from experimedt3! application of a small scaling factor to the slope of the theory-

a problem also encountered by Jiao ef2alHowever, when ~ Versus-experiment correlation, due presumably to correlation
the effects of hydrogen bonding are taken into account, then @nd perhaps small basis deficiencies, that the shieldings, of
good agreement between theory and experiment is obtdined. 722 andoss could be predicted with a root-7mea_r1-s_quarf_e error
In our work, we thus use planar peptide geometries, for the fOr the nine tensor elements of onlyl ppm/ This is a high
following reasons: (1) several hundred &nd @ shifts have degree of precision, and as noted above, has permitted the first
been correctly predicted by us in proteins using planar peptide Successful prediction af,y torsion angles with use of alanine
geometries; (2) the computed: Ghielding tensor elements of C« shielding tensor elements. Some confidence can, therefore,

alanine are in quite good agreement with experiment, and enable?® Placed in the quality of the calculations, since not only are
the correct prediction of,y torsions? (3) a chemical shift the well-known isotropic chemical shift differences between

refined protein structure more closely resembles the x-ray helical and sheet regions obtained, Table 1, but the individual
tensor elements are also quite well reproduced by the calcula-
(25) Wang, A. C.; Bax, AJ. Am. Chem. S0d.996 118 2483-2494. tions.

g% ﬂj‘;n‘é}i"l\??"é AJ. Am. Chem. Sod997 éﬁ%n?g%(fggﬁ&na Now, the cases of glycine and alanine are somewhat unusual

6264-6272. in that there is no substitution afQor no @& at all), unlike the
10(22111&%(225.;08te;/|vart, P. L.; Opella, S. 1. Aml. Chem. Sod.986 situation with all of the other 18 common amino acids.
Bic?phys.1987, 19, 7Ezetgé’c?ﬁrﬁé{n,StLéWEa.‘;nbEélll_ai: S R &aﬁﬁésﬁéﬁ. Moreover, the € shielding tensors for glycine and alanine are
199Q 14, 183-202. Jelinek, R.; Ramamoorthy, A.; Opella, S.JJAm. themselves quite unusual, a fact we did not appreciate until we
Chem. Socl1995 117, 12348-12349. carried out the calculations on the other amino acids described
(29) Spera, S.; Bax, Al. Am. Chem. S0d99], 113 5490-5492. below. In fact, the overall computed tensor breadthgs —
62%?0) Kricheldorf, H. R.; Miller, D. Macromoleculesl983 16, 615- o11|, for glycine and alanine are some of the largest observed
(31) Wishart, D. S.; Sykes, B. D.; Richards, F. Biochemistry1992 so far, when considering both helical and sheet regiongpf
31, 1647-1651. _ space. For example, as shown in Table 1, we obtain tensor
105(3?323)_31'3&'37?-; Barfield, M.; Hruby, J. MJ. Am. Chem. S0d.993 115 breadths of-37.4, 32.4 ppm for glycine anet31.7, 30.7 ppm
(33) de Dios, A. C.; Oldfield, EJ. Am. Chem. Sod994 116, 11485 for alanine in helical and sheet regions of conformational space.

11488. There is no obvious distinction between the helical and sheet
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Table 1. Summary of Representative Computet! Ehielding Tensor Elements for SeveNdFormyl Amino Acid Amide Peptide Model
System3
shieldings (ppn?) orientations
system structure on 022 033 ai 033 — 011 o (degy B (degy
glycine helix 129.5 156.2 166.9 150.9 37.4 8.7 44.0
sheet 141.3 150.6 173.7 155.2 32.4 75.8 137.0
alanine helix 129 147.9 160.7 145.9 317 111.3 50.8
sheet 134.6 152.7 165.3 150.9 30.7 5.8 144.4
valine helix ¢, = 180°) 129.1 132.5 144.1 135.2 15 79.9 69.1
sheet g1 = 180°) 118.6 145.2 156.0 139.9 37.4 9.6 148.7
helix (y1 = —60°) 120.9 138.6 149.4 136.3 28.5 82.5 68.2
sheetf; = —60°) 124.2 144.4 160.6 143.0 36.4 12.9 152.8
helix (y1 = 60°) 128.2 137.8 146.0 137.3 17.8 82.2 63.5
sheet f; = 60°) 123.3 152.0 155.2 143.5 31.9 14.7 132.0
isoleucine helix g1 = —60°, x> = 180°) 129.1 1324 145.0 135.5 15.9 51.0 153.8
sheet g1 = —60°, . = 180°) 118.9 145.7 156.1 140.2 37.2 7.9 157.3
helix (y1 = —60°, y. = —60°) 128.5 138.0 151.6 139.4 23.1 45.1 134.2
sheetf; = —60°, y, = —60°) 119.7 152.1 155.2 142.3 35.5 6.8 161.8
helix (y1 = —60°, x> = 60°) 126.8 130.6 143.8 133.7 17 31.1 160.7
sheet g1 = —60°, y» = 60°) 117.7 144.2 156.2 139.4 38.5 7.2 157.0
serine helix g1 = 74.3) 125.7 136.7 149.9 137.4 24.2 95.0 54.2
sheetf; = 74.3) 128.3 148.6 157.3 144.7 29 10.3 154.2
threonine helix ¢, = 180°) 128.7 138.2 147.0 137.9 18.3 72.9 120.2
sheet g1 = 180°) 125.0 151.4 155.8 144.1 30.8 8.2 164.3
helix (y1 = —60°) 127.7 132.1 1415 133.8 13.8 62.8 150.4
sheetf; = —60°) 1215 141.6 154.5 139.2 33 2.3 155.7
helix (1 = 60°) 124.2 139.4 145.9 136.5 21.7 101.6 48.9
sheet f; = 60°) 124.9 144.9 157.9 142.6 33 6.8 166.3

@ The shielding values given are absolute shieldings, computed with
from the computed shielding surfaces. For ease of interpretation, we
—12C, v = 120 (“sheet”). The actual surfaces are available upon reqt

the Texas program, as described ir? fheetekielding values given are
simply report shielding vatues—<80°, v = —60° (*helix”), and ¢ =
esis the angle betweem; and the €—H bond vectord § is the angle

betweeno,, and the G—N bond vector. Full surfaces and orientations are also available at http://feh.scs.uiuc.edu.

tensor breadths, and thess — o011 values observed are quite
close to those seen experimentally in the free amino acid8,
ppm for glyciné* and~34 ppm for alaniné® Indeed, as we
show in Table 1, the experimentally observed ppm increased
shielding for C of alanine in a typical “average” sheet versus
ano-helical geometry can be seen to be due to a uniform change
in 011, 022, and gz, in which all increase their shielding by
~4—7 ppm, Table 1. This results in an overall change in
isotropic shift of 5.0 ppm, as would be anticipated from the
work of Spera and B&R and Wishart et all We show in
Figure 2 a “stick-diagram” illustrating the results of Table 1,
for typical helix-sheet geometries, in each of the amino-acids
and conformers we have investigated.

The results given in Table 1 and Figures 1 and 2 show that
in most cases for glycine and alanine there is a uniform increase
in shielding for each tensor element upon hetix sheet
transition, and that there are only minor changelsis — o11).

This, however, is not the pattern that emerges upon inspection
of numerous3-substituted systems, as we describe below.

C* in Valine and lIsoleucine. We next investigated €
shielding in valine and isoleucine. For valine, we studied all
three rotomersy; = 180°, —60°, 60°), while for isoleucine we
studied the two most abundant conforniéfg, = —60°, y» =
18C; y1 = —60°, y» = —60°) along with the thirdy; = —60°
conformer, in whichy, = 60°. We show in Figure 3 the,

011, 022, and o33 Ramachandrang(y) shielding surfaces for
valine at the most populasi = 180° conformation, and in Figure

4 the same series of surfaces for valine in the second most
populous® y; = —60° conformation. Similar surfaces were
computed fory; = 60°, and typical values fooi, 011, 022, 033,

(34) Haberkorn, R. A.; Stark, R. E.; van Willigen, H.; Griffin, R. G.
Am. Chem. Sod 981, 103 2534-2539.

(35) Naito, A.; Ganapathy, S.; Akasaka, K.; McDowell, C.JAChem.
Phys.1981, 74, 3190-3197.

(36) Ponder, J. W.; Richards, F. M. Mol. Biol. 1987 193 775-791.

. H [ a
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x =-60,60
S{®& - ——— — — - — o- — — &
i HA *——O0o——=n
Seriney, =74
S * - - —— - - --n
1 —o—=n
Threonine y =180 H
S * - - ———— - -o-m
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Figure 2. Diagram showing the shielding tensor elemeagsfor each
system investigated®, o11; O, 022, andM, oz3. The solid lines join
the helical data sets, the broken lines join the sheet data sets.

|oss — o11], and |o22 — o11] for valine and isoleucine in
representative helical and sheet geometries are tabulated in Table
1 and shown graphically in Figure 2.

Upon @ substitution, there are major changes in shielding
tensor properties observed between helical and sheet geometries,
a trend which carries over to the othef §ubstituted systems
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Table 2. Summary of Overall ComputetfC* NMR Shielding
Tensor Breadths and Isotropic Shielding Differences for Various
N-Formyl Amino Acid Amide Peptide Model Systems in Helical
and Sheet Geometries

\(733?-011|, ppm — (@ — e a
system helical sheet ppm

glycine 37.4 32.4 4.3
alanine 31.7 30.7 5.0

valine (y1 = 18C) 15 37.4 4.7
(2= —60°) 28.5 36.4 6.7
(x1=60) 17.8 31.9 6.2
isoleucine g1 = —60°, y2 = 18C°) 15.9 37.2 4.7
(1= —60°, y2 = —60°) 23.1 35.5 2.9
(1= —60°, y2=60°) 17 38.5 5.7
serine {1 = 74.3) 24.2 29 7.3
180 threonine ¢, = 180°) 18.3 30.8 6.2

-180 -154 —128 —-102 -76 -50 180 —154 -128 -102 -76 50 (1= —60°) 13.8 33 54

¢ (degrees) (1 = 60°) 217 33 6.1

Figure 3. Computed isotropic shieldings and anisotropic shielding av value for @-substituted ~22  ~34 ~5.4
tensor elements fdfC* in N-formylvaline amide f, = 18C°) obtained residues

by using a HartreeFock method with gauge-including orbitals and a aThe Ctin helices are on average about 5 ppm downfield from the
locally dense basis set: (A); (B) 011; (C) 022; and (D) 03s. sheet residues.

v (degrees)

_120/1'¢h|\

18083 A 120 state. For example, for valine, measurement of the isotropic
120 ,@ 135 shift permits a distinction between helicak & 135.2, 136.3,
137.3 ppm) and sheet;(= 139.9, 143, 143.5 ppm) residues.
The sheet residues can then be further differentiated since the
oi for 41 = 18C° is unique (139.9 ppm), anfss — o141 and
|o22 — 011] are 36.4, 20.2 ppnyg = —60°) and 31.9, 28.7 ppm
(y1=60°). Similarly, for the helical sites, the60° conformer
has a uniquely broafs; — o11| of 28.5 ppm. This effect can
be traced to an anomalously large paramagnetic shifofar
In addition, the—60° conformer has the most shieldeds
0 among the helical geometries (see Table 1). This is unusual,
and it is likely associated with the relatively infrequent
occurrence of-helices containing valines wiph = —60°, due
155 to the high energy of this state. The 2860° conformers have
V030 184 128 102 76 -50 180 —154 —128 102 76 50 very similar|os3 — o011 and|o22 — o11] and are unlikely to be
¢ (degrees) readily differentiated experimentally. However, valines having

Figure 4. Computed isotropic shieldings and anisotropic shielding %1~ ,600 in & helix are V‘”Uﬁ”,V, unknown. Of course, with the
tensor elements f?C* in N-formylvaline amide ; = —60°) obtained addition ofys, there is an additional degree of freedom, and we

by using a HartreeFock method with gauge-including orbitals and a  d0 not suggest that the transformation(o22,033) — (¢,9,x1)
locally dense basis set: (&); (B) 011, (C) 022; and (D) osa. can be routinely made solely based on‘a€hsor measurement.
In principle,y: is also a free variable, although based on recent

as well (see below). In particular, it is clear that, in general, work on valine shielding calculatiotsit is clear that only small
the C* shielding tensors for the helical residues have spans of variations iny; are permissible. Rather, the results of Table 1
only about two-thirds of those observed for sheet geometries, strongly suggest that the availability of*Ghielding tensor
as summarized in Table 2. When additional results for serine elements, when combined with other information, should
and threonine are included, we find on average fhat— o1 facilitate the refinement of solid-state structures. Such other
for helical residues is-22 ppm, while|oss — 011 for the sheet information could include, e.g., distance information, as well
residues is~34 ppm, Table 2. And unlike the situation seen as information on € Cr1, C2 shifts, which in many cases are
with alanine, the individual tensor elements move in a more also sensitive t@,y,y1.1*
varied pattern on helix> sheet conversion. For example, for As expected, the results for isoleucine closely track those seen
valine 1 = 18C°), 011 becomes deshielded by 10.5 ppm, with valine, since € is quite remote, althoughy-gauche
while 022 and o33 become shielded by 12.7 and 11.9 ppm, contributions to overall shielding can be expected in some
respectively. situations. As with valine, the overall results for isoleucine

Interestingly, we also observe on averageH#igppm increase indicate a large increase in tensor breadth for sheet versus helical
in shielding of sheet over helical fragments for the isotropic geometries. In addition, it is interesting to note that the
shielding, as shown in Table 2, as expected based on previousrientation of the € shielding tensor for isoleucine is similar

v (degrees)

experimental chemical shift measuremefits! However, to that of valine. For the most populous isoleucine conformation
unlike alanine, the changes in the individual tensor elements (y1 = —60°, y2 = 18(), the sheet tensor is more than twice as
vary widely between helical and sheet structures. broad as the helical tensor, Table 1, and is accompanied by a

These observations are important since they suggest a route~4.7 ppm increase in overall isotropic shielding. For the second
to structure determination, or at least refinement, may exist via most populous conformatio{= —60°, y2 = —60°), the sheet
experimental determination of the individual shielding tensor tensor is very similar to the-60°, 180 sheet tensor, but the
elements, an approach which should find particular utility in helical conformer increases its breadth. Interestingly, the
investigating the structures of peptides and proteins in the solid isotropic shielding for the-60°, 180" sheet is almost the same
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180 - Table 3. Summary of Computed Values f&iC*| o2, — 014| for
120)138 Various N-Formyl Amino Acid Amide Peptide Model Systems
60
0 |22 — oul, ppm
-60 system helix sheet
o 10 glycine 26.7 9.3
o -180 alanine 18.9 18.1
g valine {1 = 180) 3.4 26.6
= 180 (1 = —60°) 17.7 20.2
120 (x1=60°) 9.6 28.7
isoleucine g1 = —60°, y, = 180°) 3.3 26.8
% (1= —60", y2 = —60°) 95 32.4
o (1= —60°. 7o = 60°) 38 26.5
60 serine 1 =74.3) 11 20.3
120 threonine f, = 180°) 9.5 26.4
()= —60°) 4.4 20.1
_1§?BO -154 -128 -102 -76 -50 -180 ~-154 -128 -102 -76 -50 (Xl = 600) 15.2 20
$ (degrees) av value for @G-substituted residues ~9 ~25

Figure 5. Computed isotropic shieldings and anisotropic shielding

tensor elements fot3C® in N-formylthreonine amide 4 = 60°) . .
computed with a HartreeFock method with gauge-including atomic structural analysis than °Calthough they will generally be

orbitals and a locally dense basis set: (4)(B) o13; (C) 022 and (D) complementary. For example, the= +60° ¢’ tensor breadth
33, in threonine, Figure 7, is 10 ppm narrower than that ofthe

] = 180 conformer, permitting a validation of conclusions which
as that for the—60°, —60° helix, Table 1, but these tWo  can be drawn from €results, Table 1. Interestingly, the
possibilities can be differentiated on the basis of the large extreme breadth of thef@ensor in all threonines is very similar
differences ifoss — 011 and|oz, — 011, Tables 1 and 2. The  tg that observed in the free amino acid, where full (single-
x1=—60", y2 = 60° results are very similar to those found for  ¢rystal) tensors have been determined previo#fsiResults for
the most abundant conformer, Table 1, but ter@ults are 4 thus often map the free amino acid results, and are dominated
very different, and in addition this conformer is of very low more by the type of Esubstitution, rather thag,y effects.
abundance in prote|r?_§. ) We should also note that these examples likely represent a

Serine and Threonine. We next consider the cases of the  «yorst case” scenario. For example, for alanine, the calculations
two hydroxy amino acids, serine and threonine, which both have g in fact show a wide range of shifts in the sheet region, and

O-substitutions on € We show in Figue 5 a representative  the overall breadth we have taken is just applicable to one point.

set of shielding surfaces for threonine with= 60°. Ineach |t 4, g,, andoss shielding tensor elements were all available,
geometries than for the sheet structures, Table 2. with C*,7 and indeed by using Bayesian probability, all six tensor

For threonine, unlike valine, the isotropic shieldings do not gjements can be combined to provide an accupagesolution.
permit a complete distinction between helical and sheet struc- The Tensor Orientations. We have also investigated the
tures, since thg, = 180 helix andy, = —6(° sheet shieldings  ca and @ tensor orientations for each amino acid conformer
are so similar. However, for the60” sheet, o33 — 011 is 33 in both helical and sheet regions ¢fyy space. Some typical
ppm, while for the 180 helix, |o33 — o11] = 18.3 ppm, which  regyits for valine are illustrated in Figure 8. Of particular interest
permits the formal differentiation between helices and sheets 5 the pronounced change in orientation of tet@sor between
(and they, = 180 in threonine are very rare in any case). helical and sheet regions, parts A and B in Figures 8A and 8B.
Assignment to they; = +£60° conformers in helical and sheet  Thjs js somewhat surprising, since there are no covalent bonding
threonines can thus be made, since the°l&Mformer for changes. However, the“Ctensor in amino acids has no
threonine is energetically very unlikel§. For serine, we have  jmmediately obvious interaction governing shielding, or any
carried out a less complete series of shielding investigations. opvious symmetry axi®37 so the large changes in tensor
Nevertheless, we find similar results to those obtained with the readth and orientation upon rotation of two attached peptide
other S-substituted amino acids, with a 7.3 ppm increase in pjanes is not unreasonable, and knowledge of such tensor
shielding for the sheet vs helical structures, and a smaller overallgrientations can be expected to be of help in analyzing, e.g.,
tensor breadth for the helical regions, Tables 1 and 2. 13C NMR spectra of oriented samples. A quantitative descrip-

fp-Carbon Shielding Tensors. We have also evaluated the  tion of the C* tensor orientation is given in Table 1 in which
C# shielding tensors for alanine, valine, isoleucine, serine, and e define angles of, the angle betweeny; and the @—H
threonine. Results are giVen in Table 4. Th@ r€sults are vector, ancﬁ, the angle betwee(mzz and the @—N vector. The
more varied than those with*Qwhich is not unanticipated given  grientation of the most deshielded tensor element, with
that there are major electronic structural changes involved at respect to the ©-H bond vector ¢), varies somewhat between
the site of_ substitution. In most cases_for p_opular side chain pelical amino acids (except glycine, which is omitted from
conformations, our results show rather little difference between consjderation here), Table 1, being centered at about &2
helical and sheet tensor breadths, and in general ftterGors the sheet residues, however,is centered at about’8 This
more closely approach axial asymmetry. For alanine, the C qrientational information should be of use in analyzing solution
tensor breadths are-33-38 ppm for typical helical, sheet  and solid-state spectra, and is available electroniéalliylost

geometries. For the two most populous threonines, both tensorshelical C* tensors have similar orientations when compared at
are about 40 ppm broad. For isoleucine, Figure 6, thee@sor

breadths are all small (as with valine, Table 4) and afly 1l£371)2313”es' N.; Ganapathy, S.; Oldfield, E.Magn. Reson1983 54,
sensitive for the second most populous conformer. These results ~(3gy Haviin, R. H.; Le, H.: Laws, D. D.: deDios, A. C.; Pearson, J. G.:

indicate that @ tensor elements are less likely to be useful in Oldfield, E. The Weh1997, http://feh.scs.uiuc.edu.
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Table 4. Summary of Representative Computed Shielding Tensor Elements for SevehdFormyl Amino Acid Amide Peptide Model
System3

shieldings (ppn®)
system structure on 022 033 o |033 — 014
alanine helix 161.7 170.8 194.2 175.5 325
sheet 154.8 169.2 193.2 172.4 38.4
valine helix ¢ = 180°) 159.9 165.2 174.6 166.6 14.7
sheet g1 = 180°) 155.5 159.5 176.4 163.8 20.9
helix (y1 = —60°) 166.9 168.5 175.1 170.1 8.2
sheet g1 = —60°) 159.4 164.1 173.9 165.8 14.5
helix (y1 = 60°) 161.7 171.2 175.3 169.4 13.6
sheet g1 = 60°) 154.3 166.5 176.8 165.9 22.5
isoleucine helix 1 = —60°, x> = 180°) 150.4 158.2 169.8 159.5 194
sheet g, = —60°, x> = 180°) 146.1 155.7 168.7 156.8 22.6
helix (y, = —60°, y. = —60°) 156.6 162.5 169.2 162.8 12.6
sheetg; = —60°, y, = —60°) 149.1 159.6 170.5 159.7 21.4
helix (y1 = —60°, x> = 60°) 159.1 161.5 166.7 162.5 7.6
sheet g1 = —60°, y» = 60°) 158.3 162.2 166.6 162.3 8.3
serine helix g1 = 74.3) 118.4 125.6 160.5 134.8 42.1
sheet g1 = 74.3) 117.7 124.3 152.2 131.4 345
threonine helix g1 = 180°) 112.4 121.5 163.0 132.3 48.6
sheet g1 = 180°) 109.2 117.7 162.5 129.8 53.3
helix (y» = —60°) 113.7 122.6 156.2 130.8 425
sheet g1 = —60°) 113.3 122.9 153.6 129.9 40.3
helix (4, = 60°) 115.9 122.1 158.1 132.0 42.2
sheet g1 = 60°) 114.9 122.4 151.9 129.7 37

aThe shielding values given are absolute shieldings, computed with the Texas program, as described ir? fiieetekielding values given are
from the computed shielding surfaces. For ease of interpretation, we simply report shielding values-&80°, v = —60° (“helix”) and ¢ =
=120, y = 120 (“sheet”). The actual surfaces are available upon request.
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Figure 6. Computed isotropic shieldings and anisotropic shielding Figure 7. Computed isotropic shieldings and anisotropic shielding
tensor elements fofC? in N-formylisoleucine amideyq = —60°; 2 tensor elements fo¥C? in N-formylthreonine amideyg = 60°, the

= 18C°; the most abundant conformer) obtained by using a Hartee most abundant conformer) obtained by using a Hartfeeck method
Fock method with gauge-including atomic orbitals and a locally dense with gauge-including atomic orbitals and a locally dense basis set: (A)
basis set. (Api; (B) 011; (C) 022, and (D) o33 i, (B) 011; (C) 025 and (D) 033

similar geometries, although glycine and alanine do vary, as broad tensor,~40—-50 ppm—essentially that seen in the free

shown in Figure 9. zwitterionic amino acid? due to OH and Me substitution at
For @, the similarities in the helical/sheef @nsor breadths  C#, while the isoleucine €breadth is only one half this value,

are mirrored in the similarities in tensor orientations, and we and notably, these tensor orientations do not change appreciably

show results for the most populous threonine and isoleucine between helical and sheet conformers. Again, as withti@

conformers in Figure 10. Clearly, the largest effects on both full shielding tensor surfaces for all’Cand their orientations,

the breadth and the orientation of @d & shielding tensors  are available electronicalff.

are due to the most local changes. F&; @e four attached

atoms are the same for ghbranched amino acids, and in most  cgnclusions

cases we expect the same basic increased overall shielding and

shielding breadth for sheet versus helical residues, and the The results we have described above are of interest for several

orientational changes seen in Figure 8. For fhearbons, reasons. First, they represent the first detailed high level

however, there are also different chemical substitutions betweentheoretical calculations of amino acid shielding in a sizable

Cfs, and these tend to dominate the shift anisotropies and tensonumber of aliphatic and hydroxyl-containing amino acids, in

orientations. For example, the threoninél@as an extremely  different conformational states: glycine, alanine, valipe=



11958 J. Am. Chem. Soc., Vol. 119, No. 49, 1997 viiaet al.
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Figure 8. Orientations of the principal components of ##€* and . . . L
CF shielding tensor for valiney{ = 180) in helical and sheet Figure 10. Orientations of the principal components of tH€’

o - . ; hielding tensor elements for threonine € —60°) and isoleucinexy:
: (AFC, helix; (B h hel D s
gﬁg(r;etnes (AY*Ce, helix; (B) C, sheet; (C) € helix, and (D) & = —60°, x> = 18C°) in helical and sheet geometries: (A) threonine,

helix; (B) threonine, sheet; (C) isoleucine, helix; (D), isoleucine, sheet.

find that, on average, the overall breadths of @* shielding
tensors in sheet residues are about 50% larger than the values
computed for helical residues, an unexpected result. Fourth,
we find that the @ shielding tensors for the simplest amino
acids, glycine and alanine, are atypical. In particular, the helical
tensor breadths are very large35 ppm), and are in fact close

to the free amino acid tensor breadths36—40 ppm).

i "‘L ) Moreover, with alanine the tensor elements:{ 022, 033) all
become shielded by about the same amount on helsheet
conversion, an effect not seen with fhiesubstituted amino acids.
Fifth, our results show that it should be possible to make
estimates ofp,;y and y1 in many cases, by using both the

c o isotropic and anisotropic components of the shielding tensor.

’ Such shielding tensor surfaces have already permitted the

L ' successful prediction of alanirggy values in a peptide from a

N tensor which changes little between helical and sheet redions.

l."' The much larger changes irtGhielding seen between helical
and sheet regions in thzsubstituted amino acids should thus
enable, if not in all cases accurapgp,y1 predictions, then at

(. T v
T T > ) . . o
} ‘k\hl_.@ g least refinement. Sixth, the availability of numerous tensor

L\ orientations is of interest, not only from the standpoint of their
[ J -

similarity between related structures, but knowledge of the full
tensors and their orientations should be of use in analyzing
Figure 9. Orientations of the principal components of g shielding results from oriented systems, as well as facilitating the analysis
tensor elementg for g[ycme and _alanlne in helical a_nd shef_et geom- ot 4 variety of angular correlation experiments. And finally,
etries: (A) glycine helix; (B) glycine, sheet; (C) alanine, helix; and oo /onth the results for thef@nsors show large differences
(D) alanine, sheet. between amino acids (due to different chemical substitutions).
180, —60°, 60°), isoleucine (all threg; = —60° forms), serine Hoyvever, the helix-sheet differen(_:es are much smaller than for
(x» = 74.3), and threoniney, = 18C°, —60°, 60°). Second, C*in the most pop_ular cor_lf_ormatlons, although in some cases
in each system, we find thaf@h sheet structures are on average they may still provide additional probes gf.
about 4-5 ppm more shielded than in helical structures,
consistent with previous experimental reséfts! Third, we JA971796D

L
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