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Abstract. Chemical shielding anisotropy tensors have been determined, within the GIAO-RHF formalism
using a smaller [6-314G(d)] and two medium-size basis sets [6-311++G(d,p) and TZ2P], for all elements of
the conformational library (altogether 27 structures) of the hydrophobic model peptide For-L-Phe-NHo.
The individual chemical shifts and their conformational averages have been compared to their experimental
counterparts taken from the BioMagnetic Resonance Bank (BMRB). At the highest level of theory applied,
for all nuclei but the amide proton, deviations between statistically averaged theoretical and experimental
chemical shifts are as low as a few percent. One-dimensional (1D) chemical shift — structure plots do
not allow unambiguous identification of backbone conformations. On the other hand, on chemical shift
— chemical shift plots of selected nuclei, e.g., "HY with *N or N with 3C?, regions corresponding to
major conformational motifs have been found, providing basis for the identification of peptide conformers
solely from NMR shift data. The 2D 'H*~'2C® as well as the 3D 'H*-3C*~13CP chemical shift — chemical
shift plots appear to be of special importance for direct determination of conformations of protein building
units from multidimensional NMR experiments. 48 pairs of "H*-'3C® data for phenylalanine residues
have been extracted from 18 selected proteins and compared to relevant ab initio results, supporting the
calculated results. Thus, the appealing idea of establishing backbone folding information of peptides and
proteins from chemical shift information alone, obtained from selected multiple-pulse NMR, experiments

(e.g., 2D-HSQC, 2D-HMQC, and 3D-HNCA), has received further support.

PACS. 31.15.Ar Ab initio calculations — 33.25.+k Nuclear resonance and relaxation

1 Introduction

In the age of proteomics, when the full genes of over
800 species are known [1], among which the humane
genome is undoubtedly the most important one, new
approaches are required for the structure elucidation of
biomolecules. For rational drug design structural biology
requires more and more three-dimensional (3D) structures
of proteins. In the near future an increased number of pro-
teins will be expressed, produced in considerable quanti-
ties, and studied using different fast throughput screening
techniques [2]. Thus, an important aim is the development
of “fast” 3D structure determination methods for proteins
at “low resolution”. A quick and direct way to determine
the backbone fold of proteins in solution from multidimen-
sional nuclear magnetic resonance (NMR) spectroscopy
would be extremely rewarding [3].

Today the full resonance assignment, a prerequisite
for the commonly used structure determination proce-
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dures, of small or medium-size proteins (up to 15-30 kDa)
with 13C, N (and perhaps ?H) enriched nuclei can be
achieved without any reliance on nuclear Overhauser ef-
fect (NOE) information. Resonance assignments are done
through specific sets of standardized 3D and 4D NMR
experiments [e.g., HNCA, HN(CO)CA, CBCA(CO)NH,
HBHA(CO)NH, CC(CO)NH, HCC(CO)NH, and HCCH-
TOCSY] [4-6], all based on alternative coherence trans-
fer strategies through homo- and heteronuclear couplings.
Under optimal conditions the time required for the exe-
cution of a carefully selected set of experiments can be
decreased to a few weeks. The most straightforward part
of the subsequent automated resonance assignment and
validation procedure is the sequential backbone assign-
ment. Nevertheless, even if full resonance assignment is
obtained without the use of NOE-type data the only rou-
tine technique available at present for structure determi-
nation of biomolecules relies on acquiring a large number
of constraints, obtained primarily from NOE-type data
converted to proton-proton distances [7-16]. These of-
ten redundant geometrical data can be augmented with
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selected dihedral angle, H-bond, and residual dipolar cou-
pling information [17-21], providing an even more com-
plete set of constraints for determination of the solution
structure. This tedious part of the resonance assignment
procedure is not yet automated and increases the time re-
quired for obtaining even a low-resolution 3D structure of
a medium-size protein to months if not to years.

There are alternative routes to the use of NOEs for the
quick determination of the mainchain fold. A promising
approach is based on residual dipolar couplings [17-21].
The direct use of chemical shift (CS) information for struc-
ture determination offers another approach [22-39], inves-
tigated in detail below.

It is well established experimentally that the CS of
a nucleus of an amino-acid residue is often different at
different sites of the protein. (This is in fact what en-
ables resonance assignments.) NMR signal dispersion is
due to several factors, among which local conformation
can be an important one. If the conformational effect dom-
inates, the information on dihedral angles could be re-
trieved from CSs. An increasing number of chemical shifts
of proteins are now available in databases (e.g., the Bio-
magnetic Resonance Bank (BMRB) [40] and Ref. [41]),
open for statistical analysis. Despite all the effort devoted
to this topic [22-39], it is not yet clear whether CSs are
good enough markers for all characteristic conformational
elements that make up proteins and can thus circumvent
the use of NOEs for structure determination. This pos-
sibility is further explored in this communication using
For-L-Phe-NH, as our model.

Although longer polypeptides and especially proteins
can exhibit a unique and often well-defined fold, their
fragments and building units are inherently flexible. Few
details are known about how torsional angles of amino
acid residues take their “stable” values when incorporated
in proteins. Unlike experiments, computations can deter-
mine, at least in principle, the library of all accessible
conformers of any amino acid residue. We believe that
considering each and every possible conformer is the only
way to prove that CS information is indeed useful in itself
for determination of the dihedral angle space of proteins.
Therefore, theoretical conformational analyses of compu-
tationally accessible model systems, like For—I.-Phe-NHas,
are of considerable utility and relevance [42,43] and must
antedate related theoretical NMR investigations.

Experimental and computational studies have clearly
shown a few structure-induced CS changes in proteins
(e.g., for 'H with a range of ~2 ppm, for ¥*C® with a
range of ~8 ppm, for >N with a range of ~25 ppm, and
for 170 with a range of ~10 ppm). Among these rela-
tionships correlation of the a-helix and the (-sheet sec-
ondary structures with '3C® CS alterations was estab-
lished first [35,38,39]. Initiated by the study of Jiao and
co-workers [44], it became clear that in glycine residues
the 13C® CS values shift with respect to their random
coil value, d.., both in the alpha helical conformation
(= 2.3 ppm downfield shift) and in the extended confor-
mation (& 2.9 ppm upfield shift). Alanine diamide mod-
els (e.g., For-L-Ala-NH;) [24,45] were the subject of fur-

The European Physical Journal D

ther computational studies with similar results. Analysis
of experimental chemical shift data during an unfolding
study of myoglobin [46] has shown that for all Ala residues
within the protein 3C®, 3CP, 'H®, and 'HP CS values
tend to reach, under denaturing conditions (low pH and
high urea concentration), their respective random coil val-
ues. Thus, when proteins are folded the individual CS val-
ues should reflect the secondary and tertiary structure of
the macromolecule.

Amino acid residues larger than Ala need to be inves-
tigated in order to determine the effect the side chains
have on the shielding properties of the peptide backbone.
The hydrophobic amino acid residue next in size to Ala
is valine (Val). We have recently published [47] an ab ini-
tio conformational library for valine diamide confirming
that Val is also a good conformational model of amino
acid residues Ile and Leu. Furthermore, we have found
that gas-phase conformational preferences of these models
show strong correlation with structures derived from the
hydrophobic cluster(s) of proteins. In other words, con-
formers which are most frequently found in proteins are
the ones with the lowest ab initio relative energies. Thus,
we believe that NMR shielding properties of hydrophobic
residues (e.g., those of For-L-Val-NHj) [25] make NMR
CS computations even more closely related to experimen-
tal results than otherwise expected. De Dios and Oldfield
[37c] concluded that substitution on C* induces a larger
shielding shift on C? than on C®. In another related study
Pearson and co-workers [50] showed that in a protein like
nuclease the [¢, 1] values of Val residues can be estimated
from C® chemical shifts.

Although the number of experimental NMR, chemi-
cal shifts for proteins increases rapidly, at present the
most viable strategy for establishing and probing struc-
ture — chemical shift relationships is offered by the use of
ab initio electronic structure theory [24-27,48-52]. Most
ab initio computations related to the NMR spectroscopy
of peptides and proteins have focused on the determina-
tion of chemical shielding tensors for selected nuclei and
the calculation of chemical shielding isotropy (CSI), chem-
ical shielding anisotropy (CSA), and CS values.

Nitrogen-, proton-, and C’ (the carbon of the carbonyl
group) CSs of the amide groups show a noticeable res-
onance shift due to sequential neighboring effect. (This
holds both for folded and for unfolded states of proteins.)
However, the C* and H® nuclei are likely to be the least
dependent on sequential information, and the most depen-
dent on local fold. This offers the possibility of determining
the 3D structure of peptides and proteins.

The effect of intramolecular H-bonds on shield-
ings was established by the gauge-including atomic or-
bital restricted Hartree-Fock (GIAO-RHF) method [53,
54] on molecules containing only a few atoms (e.g.,
N-methylacetamide interacting with formamide [55,56])
and on systems of considerably larger size (e.g., For-
(Ala)s-NHs) [56]. Not surprisingly, the most significant
perturbation caused by H-bonding was observed on the
carbon atom of the carbonyl groups directly involved in
the formation of the hydrogen bond [57].
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In summary, most conformationally dependent NMR
calculations on peptide models suggest that it is possible
to derive certain information on backbone (and possibly
on side-chain) fold from C* CS values. Having presented
data on a typical hydrophobic but non-aromatic residue,
valine [25], in this paper we provide ab initio computed
CS information for phenylalanine (Phe), a hydrophobic
and aromatic residue.

To the best of our knowledge no detailed NMR, chemi-
cal shielding studies were published on phenylalanine con-
taining peptide model systems. However, limited informa-
tion on NMR properties of aromatic amino acid residues
is available from the literature. One of the pioneering
studies was performed by Toma et al. [58], who analysed
the preferred solution structure and calculated conform-
ers of dermorphin, a molecule containing three aromatic
amino acid residues, two tyrosines and a phenylalanine.
Recently, using two cyclic heptapeptides, both contain-
ing a phenylalanine residue, an ab initio study was pub-
lished on the transferability of atomic solvation parame-
ters [59]. Molecules as large as bradykinin, which contains
two phenylalanine residues, were investigated using molec-
ular mechanics to identify candidates of low-energy struc-
tures to assist NMR investigations [60]. The conforma-
tional properties of a cyclic retro-dipeptide along with its
parent cyclic dipeptide, cyclo(L-Tyr-L-Phe), were studied
by 'H NMR and by semiempirical energy calculations [61].

In proteins most phenylalanines are buried, often con-
tributing to the hydrophobic core region of the globular
system, where water is mostly excluded. Thus, ab initio
results, obtained for hydrophobic amino acid residues, are
representative of “real” hydrophobic diamide units folded
in aqueous media [25]. Our systematic effort already cov-
ers model systems that incorporate glycine, alanine, and
valine amino acid residues [24,25]. Here we report a li-
brary consisting structural and CS information of pheny-
lalanine using its diamide model, For-L.-Phe-NHs. It is
our belief that by performing even a simple statistical
analysis of the available data we have our best chance
to filter out structure—structure, structure—chemical shift,
and chemical shift—chemical shift correlations. We note
in passing that in this paper we have not studied in an
explicit manner the well-known aromatic ring effect on
shieldings. Most of our effort was concentrated on find-
ing and correlating NMR, CSs of selected nuclei with the
main-chain fold.

2 Computational details

Schematic representation of the constituent atoms of our
model system, For-L-Phe-NHs, is shown in Figure 1. Av-
erage chemical shifts, usually called random coil shift val-
ues, ¢, of all relevant nuclei are reported therein, as taken
from the BioMagnetic Resonance Bank (BMRB) [40].

In search of the lowest appropriate theoretical level and
basis set to calculate NMR chemical shielding anisotropy
(CSA) tensors Laws and co-workers [62] have tested sub-
standard (STO-3G) and split-valence basis sets [3-21G,
4-31G, and 6-3114+G(2d)] for the Ala and Val amino acid
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Fig. 1. The For-L-Phe-NH;> peptide model.

residues. They found that chemical shifts determined by
using smaller basis sets correlate well with data obtained
with larger basis sets. This suggests that scaling CS data
computed under different conditions is possible. Although
Pearson et al. [63] have recently shown that DFT-type
BC CS calculations are of considerable interest, we have
restricted ourselves in this study to fully geometry opti-
mized reference structures and to magnetic shielding ten-
sor calculations with no electron correlation included.

Computation of NMR chemical shielding tensors
was performed at the GIAO-RHF (gauge including
atomic orbitals restricted Hartree-Fock) [53,54] level
employing the following basis sets: 6-31+G(d) [64], 6-
311++G(d,p) [64,65], and TZ2P [66]. The computations
utilized the Gaussian94 [67] and Gaussian98 [68] elec-
tronic structure packages.

Geometries employed in this study for CSA com-
putations have been optimized at the 3-21G RHF and
6-31+G(d) RHF levels of theory. We have established a li-
brary that covers all twenty-seven characteristic conform-
ers of For-L-Phe-NHs. Since some of these structures are
clearly not minima on the PES of For-L-Phe-NHs, for
these conformers constrained geometry optimizations were
performed keeping the ¢ and 1 torsional angles constant
at characteristic values.

Three different sets of CSA calculations were generated
in this study, labeled A, B and C, as detailed in Scheme 1.
Tables 1 to 3 report ¢, 9, x!, and x? parameters [69],
energies, and isotropic chemical shielding values (o-scale)
for these model conformers. For relative CSs (d-scale) the
isotropic chemical shielding values of 'H, '3C, and N
were referenced to the 'H and '3C values of tetramethyl-
silane (TMS) and to the N value of NH3. (The geome-
try of NH3 was computed at the all-electron aug-cc-pVTZ
CCSD(T) level [70], while that of TMS at the 3-21G RHF
level.)

Chemical shift values of Phe associated with a random
conformation, d,., were taken from BMRB [40] (¢f. Fig. 1
and Tab. 3). Chemical shift re-referencing, when needed,
was done in the group of Wishart and was kindly provided
for us for the following 18 proteins: 1BPI, 3LZM, 1LZ1,
2RN2, 2RNT, 1SNC, 1HCB, 1UBQ, 1CEX, 1GZI, 5P21,
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Sheme 1. Designation of the levels of theory employed in this work for the For—L-Phe-NH> model system and the resulting

number of structures.

Level NMR computation

Geometry optimization

No. of structures Comment

A 6-31+G(d) GIAO-RHF
B 6-311++G(d,p) GIAO-RHF
C1 TZ2P GIAO-RHF

C2 TZ2P GIAO-RHF

C3 TZ2P GIAO-RHF

6-314+G

6-314+-G

3-21G RHF
6-31+G(d) RHF 16
(d) RHF 16
6-31+G(d) RHF 11
(d) RHF 27

19 full opt. [¢, 1] only
full opt. [¢, ] only
full opt. [¢, ] only

constr. opt. [¢, ] only
full opt. plus [¢, 9] constr.

1ROP, 1ICM, 192L, 1IGD, 3RN3, 2TRX, and 1A2P. Si-
multaneously, the 3D structures of the same proteins were
retrieved from the Protein Data Bank (PDB) [71]. These
CS and structural data were used for testing theoretically
computed values. (Note that C* CSs were not available
for proteins 1LZ1, 2RNT, 1GZI, 1A2P, and 192L. Fur-
thermore, for 2TRX and 1A2P there are two and three
sets of PDB coordinates, respectively, with slightly differ-
ent values.) After omitting all questionable entries, a total
of 48 Phe and 48 Tyr residues remained in our database,
all with unambiguous *H and C CSs as well as dihedral
angle values. We believe that these 48 Phe and 48 Tyr
residues form the largest database used for a comprehen-
sive analysis; nevertheless, as turns out from the present
study, an even larger experimental database would be de-
sirable to reach definitive conclusions about structure —
chemical shift correlations.

3 Structures and energetics

The values of [¢,]; torsional angle pairs pinpoint the
positions of residue 4 [72,73] on a Ramachandran sur-
face and determine the main-chain fold of a peptide or
protein. Consideration of torsions around the N-C% and
the C*~C’ bonds within an alpha amino acid residue re-
sults in three different orientations of ¢ and . Therefore,
nine backbone conformers are expected for each peptide
unit -NH-C*HR-C’'O- [42,74-76]. These nine easily dis-
tinguishable backbone orientations are named [42,74] as
follows: a1, ap, BL, YL, 7D, 0L, 0D, €L, and ep. Location
of these 9 conformations of Phe on the Ramachandran
surface, determined at two different levels of theory, are
given in Figure 2. X-ray diffraction data of proteins con-
firm the existence of all nine backbone conformations but
with very different natural abundance [77]. The fr- (ex-
tended), - (inverse y-turn), dr-, and ep-type (polypro-
line II) conformers commonly form the well-known and
rather broad (-region, while the ap, part, which comprises
both 319- and 413-helices form the right-handed helical re-
gion on the Ramachandran surface. Conformational build-
ing units such as ap, vp, d0p, and ep are less frequently
assigned in proteins, since they are built from amino acid
residues of L relative chirality.

Ab initio grid searches carried out for amino acid di-
amide models such as For—X zz—NHs and Ac-Xzx—-NHMe
(where Xax = Gly [24], Ala [24,78], Ser [79], and Phe [80])
resulted in slightly fewer minima than expected by the
above arguments. For example, at the 3-21G RHF level
two, while at the 6-311+4+G(d,p) RHF level three out of
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Fig. 2. Locations of different minima of For-L-Phe-NHsy on
a Ramachandran surface determined at the 3-21G RHF [open
symbols] and 6-31+G(d) RHF [filled symbols]| levels of theory.

the nine backbone conformers of For-L-Ala—NHs have not
been found [42]. The ab initio calculations revealed that
the ar,, 1, and ep conformers are absent most often in
the diamide models. Nevertheless, these “missing” back-
bone orientations do show up when polar side-chains, e.g.,
in Ser or His [81], are present.

Phe is the simplest representative of the hydrophobic
and aromatic amino acid residue group containing Phe,
Tyr, and Trp. Since the side chain of Phe can formally be
derived from the methyl side-chain of Ala by replacing one
HP with a phenyl group, the topological features of For-L-
Phe-NH, are somewhat similar to the parent amino acid
residue. Phenylalanine adopts only a single and slightly
shifted gauche-+-like x? orientation (=90+415°). Thus, the
systematic conformational search of phenylalanine dipep-
tide models (For-L-Phe-NH; or Ac-L-Phe-NHCHj3;) can
be performed in three torsional variables: E = E(¢, 1, x').
Similarly to valine [82], the 4D torsional potential energy
surface of For-L-Phe-NH; is expected to have as many
as 27 characteristic conformers (three x! orientations for
each of the nine typical backbone conformers) [80]. Certain
aspects of structural and energetic features of the For—L-
Phe-NH; model system have already been discussed based
on 3-21G RHF [80a] and 6-314+G(d) RHF data [80b].
Here we wish to recapitulate the following: (a) out of the
27 expected structures, 19 conformers at the 3-21G RHF
level (most of the ap, AL, YL, YD, dL, Ip, and ep backbone
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Table 1. Selected conformational parameters and relative® isotropic chemical shieldings (o) of For-L-Phe-NH, .

conf.® Level ) v 7 2 | "N Ber Beb BSce 'mY o we WP P,
ap(g+) c3 50.1 413 52.1 82.1 11035 -6.76 -333 134 052 093 -0.16 0.27
B 1026 -6.89 -333 152 039 088 -0.18 0.24
A 43.1 50.3 44.6 78.1 | 1230 —4.13 320 439 026 090 -0.12 025
ap(a) C3 66.6 379 1396 935 |-143 825 —647 129 036 141 1.66 -2.02
B —2.14 811 -658 167 -045 132 1.69 -2.03
A 60.6 41.1 —144.6 101.8| 049 -742 —-681 3.04 -065 132 1.76 -2.34
ap(g-) c3 69.6 27.0 -57.0 105.1 (1121 -9.07 118 210 059 1.23 0.54 -1.20
B 1085 -896 0.89 224 0.51 .14 054 -1.21
A 68.6 282 -56.7 989 [11.74 823 064 421 036 1.17 0.15 -1.17
ap (gt ) c3 -54.0 —45.0 49.9 85.1 | 7.15 424 -181 142 0.01 0.21 0.60 —0.38
a(a) C3 —540 450 -1734 80.1 | 1.19 -8.11 540 3.71 026 054 1.26 -0.21
ap(g-) C3 -540 450 600 111.0| 653 -7.73 —440 1.06 035 0.48 1.41 —0.85
Bulg+) c3 —156.1 168.1 57.3 86.6 1 10.03 -2.05 -2.62 156 -1.03 0.14 1.18 —-1.04
B 9.64 231 293 176 -1.05 0.08 115 -1.05
A -1759 174.6 53.4 844 11052 236 -097 203 -135 027 1.49 —-1.86
Br(a) C3 -156.5 1522 -1679 712 | 3.61 419 -598 053 -1.57 024 0.39 —0.01
B 3.07 445 -621 064 -156 019 039 —0.04
A -166.6 173.9 -146.6 685 | 2.83 572 639 147 -2.18 0.39 0.41 —0.03
Bug ) C3 -156.0 160.0 —-59.6 10161099 -2.15 -993 131 -1.05 -0.02 1.43 —0.46
A -130.4 1609 619 915|995 -137 -8.60 0.79 -1.20 -024 145 —0.34
Yo(g+) C3 552 -18.1 68.7 813 | 3.86 -11.48 -759 082 028 0.78 0.23 —0.06
B 411 -11.74 -7.70 —0.83 0.16 070 0.18 —0.09
A 34.8 8.6 68.6 84.8 | 450 -12.25 -843 281 034 044 0.07 0.04
Yola) C3 747  -722 -167.7 80.7 | 1.30 -13.39 392 3.02 -047 1.08 1.17 -1.52
B .17 -13.19 415 264 —049 1.03 1.14 -1.57
A 74.5 —65.2 172.6 888 | 2.74 -12.64 347 292 -0.62 1.00 1.31 -1.82
Yo(g-) C3 759 545 599 1055| 7.71 1455 040 166 0.25 .02 0.17 —0.44
B 795 -1433 -0.62 141 022 097 0.17 —0.45
A 76.2 -57.6 =573 1003 | 7.16 -13.44 -0.87 121 0.00 094 0.01 —0.42
T(g+) C3 -85.4 52.5 44.9 80.1 | 0.00 0.00 000 0.00 0.00 0.00 0.00 0.00
B 0.00  0.00 0.00  0.00 0.00 0.00 0.00 0.00
A —83.0 59.8 40.6 76.4 | 0.00  0.00 0.00  0.00 0.00 0.00 0.00 0.00
yi(a) C3 -85.1 892 1684 847 |-378 283 -2.05 203 -0.19 021 1.42 —0.98
B -398 281 -2.18 216 -0.19 022 1.40 —-1.01
A -85.6 725  -162.0 944 | 475 -4.02 -172 178 -038 0.20 1.73 —-1.41
Yu(gH) C3 -86.9 79.4 =59.1 1143 |-024 -1.25 -137 198 0.19 0.13 0.90 —0.61
B 024 -120 -1.55 19 0.14 012 0388 —0.61
A —84.4 66.8 =551 11L.5|-0.70 -1.76 -1.62 192 0.02 0.10 093 —0.84
dp(g+) C3 -164.4 -32.0 62.2 952 1953 -8.09 -146 -1.04 0.14 0.00 1.06 —-1.53
B 927 823 -1.60 -1.09 0.14 -0.02 1.04 -1.57
A 173.8 311 58.0 89.7 | 719 752 141 051 026 0.13 1.04 —2.21
dp(a) C3 -1548 574 -1745 748 | 485 923 -5.69 337 -0.28 -0.02 0.09 0.33
B 440 -9.17 591 325 023 -0.03 0.06 0.29
A -1699 -49.6 -1494 762 | 4.03 -1041 -141 350 -022 029 0.20 0.00
dp(g-) C3 -159.0 -45.0 —69.8 108.7| 9.61 -794 994 0.99 -0.05 -027 1.74 —0.61
di(g+) C3 -1233 157 54.4 82.1 | 581 056 -1.65 0.64 036 -053 -0.14 0.02
B 589 069 -168 085 027 -053 -0.14 0.02
A -123.1 256 52.4 83.1 619 018 -1.21 144 029 -0.76 -0.13 0.00
d1(a) C3 —-103.0 0.0 —153.4 752 |-374 260 -7.80 0.65 019 -027 130 —0.36
31(g-) C3 —-838 157 592 113.7| 415 567 =372 0.19 043 0.23 1.59 -1.23
B 349 580 -391 056 033 021 1.55 -123
A -119.6 232 —60.0 1024 415 -261 463 202 045 056 184 —-1.63
ep(g+t) C3 60.0 —-120.0 59.1 103.7| 653 —620 —-465 096 -062 1.03 0.87 —0.49
A 340 -1343 715 1757|721 317 =519 694 -0.15 0.66 0.79 —0.85
ep(a) C3 685 1692 -153.8 59.1 | 5.13 -8.06 —4.65 226 0.00 .14 0.61 -1.53
B 496 820 4359 265 -0.13 1.07 0.59 —-1.57
A 676 -177.6 -1583 645 | 726 -786 572 458 -0.15 097 0.66 -1.94
ep(g-) C3 60.0 -120.0 —62.6 101.3| 783 -9.06 -046 —-0.61 -0.17 127 0.50 —0.43
A 71.5 1744 584 97.7 | 1405 -898 286 539 0.54 .14 074 —0.06
e(gt)? C3 —60.0 1200 415 83.1 |38 076 -139 366 0.15 057 0.80 —0.31
g1(a) C3 -60.0 1200 -172.8 835 |-0.56 -539 -328 -1.77 -0.02 0.73 1.21 —0.54
€(g-) C3 —60.0 1200 —59.1 112.7| 1.71 -4.00 -254 264 0.05 056 1.04 —0.54

# All relative isotropic shielding values are referenced, as clear from the table, to the absolute isotropic shieldings of the v.(g+)
conformer. Isotropic shielding values (in ppm) for the v1(g+4) conformer are as follows: level A: PN = 157.43, *C* = 154.44,
B =170.92, BC = 27.23, 'HY = 28.62, 'H™ = 28.64, 'HY = 28.96, and 'H = 30.49; level B: °N = 150.26, *C* = 136.15,
13CA = 155.65, 13C’ = 13.98, 'HY = 28.35, 'H™ = 28.99, 'H? = 28.85, and 'HS = 30.00; and level C3: *N = 151.58,
1B0e =136.03, 1°CP = 155.51, ¥ = 13.48; 'HY = 28.16, 'H® = 28.84, 'HY = 28.69, and 'Hj = 29.82. ® Symbols for relevant
conformational types: a1, fL, €L etc. for backbone, and g+, a or g— for the side-chain (x') orientation. ¢ See Scheme 1 for
details concerning the computational levels. ¢ All torsional values in degrees, all chemical shifts in ppm. f ¢ = —54°, ¢ = —45°
are typical values for helical secondary structural elements in globular proteins. & ¢ = —60°, » = 120° are typical values for
polyproline II secondary structural element in globular proteins.
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Table 2. Selected structural and relative chemical shift (§) values of For-L-Phe-NH; obtained by conformational averaging.
(A) Averaged over the individual backbone conformers. (B) Averaged over all backbone conformers using arithmetical averaging.
(C) Averaged over all backbone conformers using Boltzman averaging.

bb sc® Level®| N¢ B¢t BcP Bc HN ge P 1HP, P v | AE p)/Epiy
o 3 C3 116.02 53.87 35.46 178.32 4.14 3.76 2.68 2.83| -54.00 -45.00 [6.07 0.00
oo 3 A 101.33 53.39 33.44 170.13 4.19 3.03 3.24 3.40( 57.42 39.87 |6.74 0.00
3 B 110.31 55.66 35.22 178.94 4.08 3.01 3.06 3.33| 62.12 3539 [6.82 0.00
3 .C3 114.27 55.20 34.46 178.81 4.10 2.98 3.09 3.33| 62.12 3539 [6.68 0.00
B 3 A 101.74 49.95 35.64 172.58 5.76 4.02 2.72 3.05|-157.62 169.81 |1.26 0.35
2 B 110.28 51.05 36.78 179.55 5.53 3.99 2.98 2.87|-156.28 160.12 [1.02 0.65
3 .C3 112.77 49.97 37.76 179.25 5.57 4.05 2.77 2.85|-156.19 160.08 |2.09 0.64
YL 3 A 111.32 48.73 31.43 172.78 4.30 4.06 2.95 3.06| -84.34  66.36 |0.52 0.56
3 B 118.04 49.01 33.45 179.40 4.24 4.01 2.99 2.87| -85.78 73.70 [1.14 0.30
3 C3 122.32 48.54 32.73 179.05 4.35 4.06 3.00 2.88| -85.78 73.70 |[1.12 0.30
w 3 A 104.71 59.58 34.58 171.70 4.27 3.37 3.38 3.04| 61.87 -43.79 [5.02 0.02
3 B 112.22 60.76 36.37 179.68 4.26 3.23 3.25 3.03| 68.57 -48.25 [5.27 0.01
3 .C3 116.69 60.32 35.56 179.10 4.33 3.21 3.25 3.02| 68.57 4825 (5.24 0.01
a2 A 104.34 48.01 33.24 172.28 3.81 4.82 2.99 3.13(-121.36 24.41 [1.52 0.08
2 B 111.94 50.91 35.00 180.04 3.93 4.29 3.04 2.93|-103.57 -0.02 [2.38 0.03
3 C3 118.90 50.12 35.98 179.89 4.02 4.36 2.85 2.87|-103.38 -0.01 |[3.92 0.03
b 2 A 103.90 55.76 33.66 172.00 4.16 3.95 3.22 3.42|-178.05 -40.36 |7.11 0.00
2 B 109.80 56.37 35.96 179.67 4.27 4.15 3.20 2.97|-159.55 -44.66 |6.53 0.00
3 .C3 112.98 55.60 37.28 179.28 4.41 4.27 2.81 2.95|-159.37 -44.77 |7.95 0.00
e 3 C3 119.31 50.05 33.99 183.08 4.29 3.55 2.75 2.81| -60.00 120.00 |3.20 0.02
e 3 A 100.00 53.47 34.91 168.37 4.10 3.24 3.60 3.26| 57.69 -165.829.25 0.00
1 B 111.67 55.87 36.80 178.10 4.36 3.06 3.16 3.90( 68.53 -169.186.95 0.00
3 .C3 114.48 54.95 34.84 180.16 4.61 3.02 3.11 3.17| 62.84 -136.39(8.28 0.00
(A)
bb. averages LeveP  15NC 13 138G 3¢ YN He  HE,THR,
Average (in ppm) A 103.88 5278 3388 17133 441 372 316 3.19
Mo BT oMM 1D @ 3@ oo o bhoaverges  LeveP M et Bgt MO WU e Wy W
G ook B8 s e e 0 29 ag  AeweTEmATTIRETRETRAD IS0 28

Standard deviation® (in ppm) A 491 4.30 2.80 1.80 071 059 077 0.89

B 434 443 250 104 055 035 o062 075 Cl 11878 50.59 3590 17947 535 3.97 3.19 2.60

Cl 454 450 231 126 03 036 0% 070 C2 11747 5139 3747 17994 587 392 335 238

C2 455 304 330 212 041 049 038 017 C3 11881 50.62 3587 17953 533 396 3.17 2.6l
C3 444 397 291 175 051 053 057 059 Difference " (in ppm) A 1195 807 643 3.3 347 061 -0.19 0.16
Difference” (in ppm) A 1670 541 595 425 400 089 -021 -0.20 B 583 693 3.08 418 318 0.65 -023 040
B 824 389 437 -384 406 094 —0.14 -0.08 Cl 1.80  7.60 3.93 -3.89 3.06 0.64 -024 039
Cl 411 442 513 -355 399 094 -0.15 -0.08 €2 311 680 236 436 254  0.69 -0.40 0.61
C2 425 586 355 —485 398 088 028 0.17 C3 1.77 757 396 -395 3.08 0.65 -022 0.38
C3 416 501 449 -408 398 091 003 0.02 Accuracy' (%) A 10 14 16 2 41 13 6 5
Accuracy' (%) A 14 9 15 2 48 19 7 7 B 5 12 8 2 38 14 8 14
B 7 7 1 2 48 20 5 3 Cl 1 13 10 2 36 14 8 13
Cl 3 8 13 2 47205 3 2 3 12 6 2 30 15 14 20
g ‘3‘ 190 191 ; j; ;3 110 ‘l’ c3 1 13 10 2 37 4 8 13
Experimental averagd 12058 5819 3983 17558 841 461 295 299 Experimental average 120.58 58.19 39.83 17558 841 461 295 299
Expe:rimentalsu:mclaxrddeviatiunk 4.29 2.66 1.88 2.17 0.73 0.57 041 037 Experimental standard deviation® 429  2.66 1.88 2.17 0.73 0.57 041 0.37
(B) (©)

# sc. stands for the number of side-chain conformers used when chemical shift isotropy (CSI) values (relative to TMS) were

arithmetically averaged (for CSI data see Tab. 1). b See Scheme 1 for description of theoretical levels. ¢ Absolute chemical
shielding values are relative to TMS or NHs. The "H(TMS), *C(TMS), and *N(NH3) values for level A (GIAO-RHF/6-
31+C*) are 32.800, 201.239, and 266.937, respectively. The 'H(TMS), *C(TMS), and *N(NHs) values for level B (GIAO-
RHF/6-311++G**) are 32.415, 195.559, and 262.784, respectively. The 'H(TMS), **C(TMS), and **N(NH3) values for level C
(GIAO-RHF/TZ2P) are 32.231, 194.688, and 268.698, respectively. ¢ Averages of relative energies determined at 6-31+G*
RHF (level A), 6-311++G** RHF (level B) or TZ2P RHF (level C) levels of theory. © Relative populations are calculated as
exp(—AE/ET) /X exp(—AE/kT), where kT = 0.595371 kcal mol™' at T = 300 K. f In level A 19 fully optimized, in level
B 16 fully optimized, in level C1 16 fully optimized, in level C2 11 partially optimised plus the ~1,(g+), while in level C3 all
27 conformers were used. & Standard deviation of the calculated CSI values. " Difference between experimentally and ab initio
determined CSI averages. ' Accuracy (in %) = (CSI®P — CSI°®)/CSI™P-. J Experimental average shift, data taken from
BMRB 02-02-1999. ¥ Standard deviation of experimental average shifts, data taken from BMRB 02-02-1999.



A. Perczel and A.G. Cséaszar: A theoretical case study of For-L-Phe-NHs

519

Table 3. R? values determined between selected conformational and chemical shift isotropy values of For-L-Phe-NHy ®

@ P W o Zl zz sl &N 13ca e B 130p P! 12

@ 1 0.072 0.003 0.329 0.070 0.000 0.000 0.018 0.051 0.113 0.058 0.037 0.038 0.002
¢ 1 0.019 0.011 0.000 0.005 0.006 0.129 0.407 0.443 0.031 0.002 0.093 0.046
(0.339) (0.375) (0.407) (0.816) (0.202) (0.185) (0.093) (0.333)

w 1 0.002 0.002 0.000 0.015 0.102 0.333 0.009 0.021 0.042 0.000 0.003
(0.408) (0.273) (0.382) (0.145) (0.208) (0.139) (0.065) (0.083)

o 1 0.002 0.013 0.007 0.010 0.000 0.005 0.019 0.000 0.010 0.035
7 1 0302 0.002 0.01 0.088 0.027 0.054 0.025 0.180 0.078

(0.155) (0.323) (0.229) (0.044) (0.190) (0.248) (0.180) (0.235)

0.043

7 1

0.073 0.006 0.002 0.039 0.018 0.137 0.043

(0.164) (0.227) (0.057) (0.078) (0.070) (0 115) (0.137) (0.169)
0.027

Y 1 0.001 0.024 0.006 0.004 0.001
5N 1 0.049 0.003 0.001 0.003 0.053  0.003
Bee 1 0.340 0.111 0.010 0.002 0.064
H* 1 0.000 0.047 0.004 0.132
Ber 1 0.023 0.000 0.013
B¢k 1 0175 0.004
el 1 0.372
'H” 1

& A total of 27 conformers were used to generate the data. Theoretical shifts refer to level C3 (GIAO-RHF/TZ2P//RHF/6-
31+G*) values. All conformational variables (¢, ¥, wo, w1, and x') are scaled between 0° and 360°. Auto-correlation values,
e.g. R*[¢/¢], are all equal to 1. The average of all R? values, (R?), is 0.065 with a standard deviation (o) of 0.109. All values

larger than (R?) + 2.50 (0.065 + 0.272 = 0.338) are marked in
obtained by shifting systematically (with an increments of 5°)

conformers plus the ép(g—) and dr,(a) conformers) and 16
at the 6-31+G(d) RHF level were found to be minima,; at
the latter level of theory the O1,(9—), ep(9—), and ep(g+)
structures are no longer minima; (b) conformational varia-
tion at the RHF level induced by the increase in the basis
set size is marginal (see Fig. 2); (c) dihedral angles de-
scribing the fold of these conformers correlate well with
data derived from protein structures determined by X-ray
diffraction [47]; and (d) the order of ab initio calculated
energies of the conformers correlates well with the rela-
tive natural abundances of conformers derived from ex-
perimental data [47]. In this study the 8 and 11 structures
of For-L-Phe-NH; not found to be minima at the 3-21G
RHF and 6-31+G(d) RHF levels, respectively, were opti-
mized with constrained [¢, ] torsion angles (see Tab. 1).

4 Accuracy of computed chemical shifts

In any computational study of chemical shifts one might
ask how well the calculated CSs compare with their ex-
perimental counterparts. The simplest way to answer this
question is to check the accuracy of the appropriate av-
erages of the computed values against the experimental
numbers obtained by averaging over the entire conforma-
tional range. The experimental average NMR CSs, the
random coil values, .., with associated standard devia-
tions for all nuclei of phenylalanine are taken from the
BMRB [40] (bottom two lines of Tab. 2B). The computed
averages were obtained either by a simple arithmetical av-
eraging or by a Boltzmann-type (energy-weighted) aver-
aging and are presented in Table 2 and in Figure 3.

bold. Selected maximized R2,,, values are given in parentheses,
the periodic unit of the conformational variables ¢, ¥, and x'.

The agreement between the computed and the exper-
imental CSs is good. The agreement is particularly im-
pressive for ab initio data computed at the highest level
of theory used in this study (level C3). In general, in-
crease of the theoretical level for the shielding calculation
and for structure optimization decreases the deviation be-
tween the theoretical and experimental numbers for all
nuclei but the amide proton. For example, the difference
between the computed and observed 6,.(1°N) can be as
small as 1.77 ppm [118.81 ppm (level C3) wvs. 120.58 ppm
(expt.)] (Tab. 2C), while for &,.(*H®) and d,.(*H?) the
difference between the ab initio and the experimental val-
ues is only ~0.5 ppm. Reproduction of §&P*(C*) is not
nearly as good with a 7.5 ppm or about 13% deviation
(Tab. 2C). All these observations are similar to conclusions
obtained for For-Gly-NHj [24], For-L-Ala-NH; [24], and
For-L-Val-NH, [25]. It is unclear why the error between
calculated and observed amide proton (!HN) CSs is three
times larger (~35-40%) than for any other nucleus. Per-
haps some insight is gained by noting that this large error
is associated with the most acidic (i.e., deshielded) proton
of the molecule. It looks as if deshielding decreases while
shielding increases the accuracy of the computed data:
'H* and "HP CSs are calculated with considerably higher
precision than "HN. Although the ab initio calculated 'HN
and '3C® chemical shift data are significantly different
from their experimental counterparts even at higher lev-
els of theory, they remain sensitive toward conformation-
induced changes (vide infra), which is undoubtedly the
most important issue considered in this study.
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Fig. 3. Correlation between ab initio determined and exper-
imentally found average (conformation independent) chem-
ical shifts (in ppm) for selected atoms of For—-L-Phe-NH,
at two levels of theory ([a] GIAO-SCF/6-31+G*//SCF/3-
21G (level A) and [b] GIAO-RHF/TZ2P//RHF/6-31+G*
(level C3)).

5 Chemical shift — chemical shift correlation
maps

From experimental "HN-1°N heterocorrelation studies it
is well known [83] that for Gly, Ser, and Thr residues,
compared to all other natural amino acids, a characteris-
tic nitrogen upfield shift is observable. This shift, however,
is not the type of information we plan to utilize; charac-
teristic up- or downfield shift of selected resonances, in-
duced by sequential and/or side-chain effects, is hoped to
be conformationally invariant and thus correctable in a
simple manner.

From our point of view the interesting type of CS
change is the one which occurs as a function of the main-
chain fold. As found for other types of amino acids, the
simple rotation of the adjacent amide planes can strongly
influence CSs. For example, in the case of Phe the ~1,(a)
conformer differs from the yp(a) structure both in its
¢ and 1 values, which implies a close to 180° rota-
tion along both axes: —85.1°(¢,,) = +74.7°(¢,p) and
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+89.2°(¢, ) = —72.2°(1h,y ). As a result, the CS of C* is
altered by 10.6 ppm and that of >N by 5.1 ppm (Tab. 1).
This is definitely a significant shift and fortunately not
the only example of such a large-scale change. The struc-
tural shift between two conformational neighbors [e.g.,
v.(9+) = Pr(g+)] can also result in a shift of considerable
magnitude. Although the latter two backbone conformers
differ from each other only by some 75°, at level C3 the
relevant conformational shifts are AN = 10 ppm and
ABCP = —2.6 ppm.

Structure-induced CS changes in the experimentally
easily amenable 'HYN shifts are in the range of 0.75 ppm
(see Tabs. 1 and 2A). According to computed data, simi-
larly to valine [25], the extended phenylalanine conformer
Br, shows a uniquely large "HN downfield shift of about
1 ppm relative to the random coil value and ~1.5 ppm
relative to the helical conformer ag,. This backbone confor-
mation dependent "HYN shift holds to a similar extent for
experimental data: A(YHY)5.., ~ 1.4 ppm (see below).

It is straightforward to notice that in 2D cross sec-
tions of typical 3D NMR experiments (e.g., "HN-15N,
BBCe- 15N, and 3C*1HN planes of the "N-1HN-13Cx
surface) the large CS changes mentioned above could be
used for characteristic grouping of backbone conformers.
This is clearly the case for our computed data. When the
amide proton (!HY) shifts are correlated with their corre-
sponding amide nitrogen (1°N) shifts, the frequently em-
ployed '"HN-1°N HSQC 2D plot emerges. However, the
values along the nitrogen dimension can hardly be used
to discriminate backbone conformers because, due to an
about £5 ppm deviation induced by the side-chain orien-
tation, the CS changes that depend on the backbone con-
formation (e.g., A(*N)g=qa ~ 2.5 ppm) largely overlap.
Therefore, the case of the "HN-1N (HSQC-type) 2D plot
demonstrates that not only the CS values should differ
characteristically from one conformer to another but their
standard deviations should also be low enough to allow a
successful conformational assignment via CS analysis.

The other type of equally simple and popular het-
eronuclear NMR experiment involves the correlation of
proton CSs with carbons to which they are attached. The
TH*-13Ce region of a 'H-'2C HSQC spectrum is the re-
gion where one would mostly expect to recognize the ef-
fect of ¢ and v torsional angle changes. Nevertheless, care
should be exercised in interpreting such results because,
as mentioned earlier, the conformation of the individual
side chains can significantly affect the observed CS values.
In order to “eliminate”, at least temporarily, the effect of
side-chain conformation induced CS changes, which is ex-
pected to be particularly significant for Phe due to the
aromatic ring, CS values belonging to the same backbone
clusters were averaged (Tab. 2A). Thereby the influence of
the individual orientation of side-chains (g+, a, or g—) on
CS values becomes hidden. These average CS values are
now associated with a “random”-type side-chain orienta-
tion but can be used as typical values associated with a
particular backbone conformer (e.g., a-helical, extended,
and inverse y-turn).
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As our results show for the present phenylalanine
model, in all nine typical backbone orientations the side-
chain independent '3C® and 'H® values differ from each
other to a remarkable extent. We note the following: (a)
although the level of theory used for the computations
does influence the actual CS values on a 'H*-13C® corre-
lation plot, the conformationally dependent CS values are
easily distinguishable in all cases (Fig. 4). (b) At all levels
of theory it is straightforward to use the *C® and 'H®
CS values for recognition of the appropriate main-chain
fold. (c) The ¥C* and 'H® side-chain averaged CS values
computed here are very similar to those obtained previ-
ously for Val and Ala (e.g., compare Fig. 4 of this study to
Fig. 5 of Ref. [25]). (d) The average **C® (58.2 ppm) and
'H* (4.6 ppm) values retrieved from BMRB for phenylala-
nine are near the center of the heteronuclear correlation
plot. (e) As for valine [25], typical backbone conformations
of Phe such as the extended [A1], polyproline IT [e], and
inverse v-turn [y, ] fold are high-field shifted along the car-
bon dimension (Fig. 4A). The clear exception, as expected
based on experimental data, is the conformational build-
ing unit of right-handed alpha helix (the ap-type back-
bone orientation). For the latter type of backbone clus-
ter the C® is low-field shifted and therefore widely used
as an indicator of this secondary structural element. As
mentioned already, conformers of D-type backbone orien-
tation (Figs. 2 and 4b) are less common in proteins and
they all have a C* value lower than 59 ppm.

Differences in H* CSs are widely used during structure
determinations discriminating a-helices from J-pleated
sheets. We wish to investigate here whether it is possi-
ble to determine not only the above two but any of the
nine typical backbone folds based on their characteristic
BC> and 'H® CSs. We have compared above selected
CS values of 1,(a) and yp(a) conformers and the two
forms of v-turns, which are conformational mirror im-
ages of one another. Figure 4b shows this and the re-
maining three pairs of enantiomeric backbone conformers
(7L © b, aL < ap,dL < dp, and €1, < ep) connected
by solid lines. Comparing the 'H® CS values of these enan-
tiomeric pairs, for each pair the 'H® CS values are low-
field shifted in the case of L-type structures relative to
those of the D-type conformers. The same type of pair-
wise comparison along the carbon axis shows that 3C®
CS values of L-type backbone orientations are at high-field
region relative to those of D-types. The only exception is
found for helices (a1, < ap), where the C* CS change
is insignificant. However, for the latter pair of backbone
conformation the H* CS change is rather distinctive, close
to 1 ppm, large on a 'H CS scale. Considering the resolu-
tion of modern spectrometers, these CS differences seem
to be sufficiently large to distinguish and assign the dif-
ferent backbone types of the same residue in a protein.
However, if the side-chain rotation is slow, or if due to
structural reasons, as in proteins, rotations about ! is
blocked, the assignment of a backbone cluster based on
C* and H* CS information is more complicated (Fig. 5).
Two out of the three side-chain rotamers is indeed close
to each other, but typically the third pair of C* and H®

521
HY%
6,0 5,5 5,0 Plﬁl 4,0 3,5
: : ' 52
i @ 154
@ Phe[HYCY | 56
158
60
62
OlLevel A
Level B 164
Alevel C3 Q C"]/ppm
66
(a)
360
A A A
YD 8D oL
240 T s
A
&
/de
l// g \’ L
120 N A
N X N
A
Op YL
A 8L
0 A
0 120 240 360
@/deg

(b)

Fig. 4. (a) The C*/H® correlation plot (CSI scale) of
the 9 typical backbone conformers determined at three
levels of theory: level A {GIAO-RHF/6-31+G*//RHF/3-
21G [square//empty symbol]}, level B {GIAO-RHF/6-
311++G**//RHF /6-31+G™ |[circle//filled symbol]} and level
C3 {GIAO-RHF/TZ2P//RHF/6-31+G* [triangle//filled
symbols]}. Each point is the average of a maximum
of three side chain conformers of For-L-Phe-NHy (e.g.
B = pPulgt+], Pula] and Prlg—]). All computed CSI
values are referenced (§ scale) and corrected with the
difference found between calculated (ab initio) and exper-
imentally observed (BMRB) conformational shift values
(correction factor: level A [C*/H® = 5.41/0.89], level B
[C*¥/H* = 3.89/0.94] and level C3 [C*/H® = 5.01/0.91])
(see text for more details). (b) The enantiomeric pairs of
conformers (a1, & ap,y. < p,0L < Op, and e & €p)
connected by solid lines on the Ramachandran surface as
determined at the 6-31+G* RHF level of theory.
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Fig. 5. The C*/H® correlation plot (CSI § scale) of 27 dif-
ferent conformers of For-L-Phe-NHs> determined at level C3
{GIAO-RHF/TZ2P//RHF/6-31+G" ([g+] square, [a] triangle
and [g—] circle] (e.g. B := Brlg+], Bula] and Br[g—]}. All com-
puted CSI values are referenced relative to TMS and NHgs (6
scale), as appropriate. All values are commonly shifted with the
difference found between calculated (ab initio) and experimen-
tally observed (BMRB) conformational shift values (correction
factors: at level C3: C*/H® = 5.01/0.91).

CS of Phe is significantly off. This is due to the specific
influence of the benzene ring. The backbone clusters are
still recognizable but there is some overlap resulting in a
more ambiguous picture.

Among the factors that determine the position of
the backbone conformers on ab initio computed chemi-
cal shift-chemical shift correlation maps (e.g., tH*-13C%),
some are related to the level of computation used, some are
to the limitation of the model system. However, most of
the backbone conformational clusters of For-L-Phe-NH,
are clearly recognizable from the *C®~'H® CS plot. It is
clear that more than the helical and extended conformers
result in different pairs of 3C*-'H® CS data. The use-
fulness of the approach of direct determination of confor-
mations of protein building units from multidimensional
NMR experiments seems to depend on whether we can
decipher all effects influencing side-chain orientation such
as solvation, anisotropic factors and H-bond networks.
Therefore, further investigation of other model compounds
is mandatory.

6 Chemical shift — structure correlations

In Section 4 we have shown that theoretical and exper-
imental chemical shifts, when averaged over the entire
conformational space, are rather similar. Furthermore, in
Section 5 we deduced for Phe, as earlier for Ala [24]
and Val [25], that CS—CS plots of selected nuclei (e.g.,
THY-13C%) can serve to identify different secondary struc-
tural motifs.
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The next task is to select the CS values of nuclei to
obtain an unambiguous prediction of main-chain confor-
mations. The result of a systematic analysis is presented
here between the most important conformational param-
eters (¢, ¥, wo, w1, and x!) and CS values of all nuclei
(15N, 1HN, IBCa’ lHa’ ISCB’ 1Hﬁ, and 130/). A com-
prehensive analysis is presented for ab initio data and
experimental values retrieved from proteins. To measure
correlations, both the linear correlation (Pearson) coeffi-
cient, R, and the standard error, Sy x, is used [84]. A
typical correlation matrix, obtained for data computed
at level C3, is reported in Table 3. The closer R? is to
1 the higher the correlation is. For structure — chemical
shift correlation purposes only those R? values are consid-
ered which measure correlation between conformational
parameters and CS data. However, we have to empha-
size that torsional variables &, where & = ¢, ), etc., are
of periodic nature. Thus, either the ITUPAC recommen-
dation [—180° < ¢ < +4180°] or the classical definition
of Ramachandran [0° < ¢ < +360°] can be used. To
avoid ambiguity, R? values were obtained, unless other-
wise noted, using the periodic unit of 0° < ¢ < +360°
for all torsion angles, reported as R[207360]. Note however
that the definition used for the periodicity of £ strongly
influences the outcome of the structure-CS data correla-
tion. One can maximize this correlation by simply finding
the “optimum” definition of the periodicity of a particular
torsional variable. This was done for all torsional variables
and the optimum value of a given pair of data (R2,,,) is
reported in parenthesis in Table 3.

Maximized statistical measures (R) of selected
structure-CS and CS-CS pairs (¢/12C*, ¢/ 'H®, ..,
TH/13Ce ) ete.) at four theoretical levels, A, B, C1, and
C3, are reported in Table 4. These pairs were selected
either because they show significant correlation (e.g.,
¢/13CY, ¢/TH, 4 /13C*, and 'H*/13C?) or because of
general interest (e.g., /'H®). It can be observed that
neither the extension of the basis set applied, nor the im-
provement of the molecular geometry increase significantly
the correlation observed between [¢, 1] conformational
values and [C*, H*] CS values (Tab. 5). Except CS val-
ues computed for the carbonyl C atom, ab initio data at
each levels of theory show high resemblance to each other.

Due to their similarity, only ab initio data obtained
at the highest level of theory (level C3) are discussed in
detail. The arithmetical average (<R[207360]>) of all cal-

culated R[207360] values is close to zero: 0.065 with a

standard deviation (o) of 0.109 (Tab. 3). This indicates
that on average there is no linear correlation between
conformational parameters and isotropic chemical shifts.
(Linear correlation is expected to be the “model free”
approach of the problem.) This observation underlines
the notion that CS values in general are determined by
several factors among which the conformation adopted by
the molecule is of little significance. However, for a few
pairs of variables R[Qof 360] values can be three to four times

higher than the average value close to zero. For example,
Rffy_560)[¢/1°C] = 0407, Rf,_ 5546/ H*] = 0.443, and
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Table 4. Maximized cross-correlation values, R, of selected conformational and chemical shift data of For—-L-Phe-NHs as

determined at four levels of theory, A, B, C1, and C3®.

A B C1 C3

¢-H* 0.807 -0.913 -0.909 -0.903
$-C* -0.649 -0.771 -0.767 -0.638
y-C* 0.686 -0.626 -0.628 -0.618
v - H" 0.372 0.359 -0.363 -0.381
¢-N 0.496 -0.535 -0.546 -0.612
7-C 0.499 0.671 0.666 0.436
H”-C* -0.652 -0.684 -0.689 -0.583
H*-CP -0.032 -0.179 -0.189 0.218
HY-N 0.178 0.236 0.218 -0.034

# See Scheme 1 for the description of theoretical levels.

Table 5. R? of CSI values of selected nuclei of For-L-Phe-NH, determined at three levels of theory.

Levels compared® conf.” HY

ISNNH

Bra e Ber 1306 LppP! P2

Level A < Level B
Level A < Level C3
Level B < Level C3

19< 16 0965 0.927 0919
19 <27 0.839 0.865 0.906
16 <27 0993 0.996 0.999

0.829 0.365
0.844 0.341
0.999 0.969

0933 0952 0.945
0.904 0.828 0.920
0.998 0.999 0.999

# See Scheme 1 for the description of theoretical levels.
b

R[207360] [¢/13C = 0.333. Furthermore, the optimized
correlation coefficients are even higher: RZ  [¢/13C%] =
0.407, R2, [¢/'HY] = 0.816, and R2, [1//C*] = 0.382.
Undoubtedly, ¢/*H® provides the most significant corre-
lation between a backbone parameter and a CS value (see
Fig. 6). The correlation between [¢,]/[*3C, 1H*] pro-
vides the possibility of “projecting” backbone conforma-
tional parameters on the 'H*-13C® 2D plot and vice versa.
To the best of our knowledge the fact that these and only
these correlations “exist” was first reported by us [24,25]
for the Gly, Ala, and Val amino acid residues. The first two
studies in this series suggest that, after resonance assign-
ment, simply by using C* and H® CS values significant
structural information can be obtained. Although linear
correlation of selected chemical shifts with conformational
parameters may not be as high as one would have hoped,
pairs with large |R| values certainly warrant further in-
vestigation. Correlations observed between the ¢/!3C?,
¢/TH*, and 1 /13C® pairs look significant, thus indicating
that relative changes in CS of ¥C® and 'H® are coupled
with backbone conformational changes.

The most important conclusions drawn from our new
and previous [24,25] data can be summarized as fol-
lows. (a) All four elements except /'H® from the
[¢,9]/[F3C, THY] pairs (a two by two data set) show sig-

conf. = number of side-chain conformers used when CSI values (relative to TMS) were determined.
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Fig. 6. The maximized fit between 'H* and ¢ at level C3
(Rmax = 0.903) (elimination of the dr,(¢g+) and dr,(a) conform-
ers increases the maximized correlation to Rmax = 0.932).

nificant linear correlation (e.g., ¢/'H® can be as high as
|Rmax| =~ 0.903, Fig. 6). (b) The CS-CS correlation of
ITHe-13C is significant at all levels of theory investigated.
(¢) No linear correlation was found between v and CS
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values of H* at any theoretical level investigated. (d) The
CS values of other nuclei of potential interest (e.g., 1HY,
1308, THA, and '3C’) show no linear correlation with con-
formational parameters. Thus, their CS values cannot be
used to monitor structural changes. (e) None of the cor-
relations change markedly as function of the theoretical
level used for their determination.

7 Chemical shifts of phenylalanine
and tyrosine as function of their backbone
conformations in proteins

Several aspects of empirical structure—CS correlation of
the a-helix and (-sheet secondary structural elements of
proteins have been reported in the literature [26,29,31,34,
48,85]. Further results obtained from ab initio electronic
structure calculations for model diamide compounds en-
couraged us to investigate what we can learn from corre-
lating experimental CS data and relevant conformational
parameters of aromatic amino acid residues.

Structural and chemical shift data of 48 Phe and
48 Tyr residues extracted from 18 selected and carefully
referenced proteins were used for the analysis (see Sect. 2
and Tab. 6). Clearly, the fact that we are analyzing not
a single protein but an ensemble of proteins makes this
investigation more conclusive than previous ones; how-
ever, as seen below, still more experimental information is
needed to reach definitive conclusions. Among the 48 ex-
perimental conformers of phenylalanine 16 helical (ar-),
23 [-pleated sheet (0L-), 5 polyproline II (e1,-), 2 inverse
~-turns (71-), and 2 dp-type backbone conformers were
assigned (Tab. 6). A very similar distribution of backbone
conformers was found for tyrosine.

As mentioned in Section 6, the periodic nature of
the torsional variables allow maximalization of the cor-
relations investigated. Table 7 reports Rmax values be-
tween experimental CS information of nuclei of interest
and conformational folds of Phe residues as derived from
the 18 proteins. Analysis of the maximized correlation
values (Rumax[¢/"°N], Rimax[¢/"HN], ..., Rumax[x'/**C']) of
experimental data results in a coherent picture. The ex-
perimental values sample only a fraction of the entire
Ramachandran surface: the available NMR data are pre-
dominantly for a-helical and (-sheet regions (Tab. 6). For
this simple reason, comparing far more restricted experi-
mental data (Tab. 7) with a much larger variety of com-
puted data (Tab. 4) should be done with some care. Never-
theless, the following conclusions appear well established:
(a) the ¢/13C*, ¢/TH®, and 1/13C* correlations are the
most significant ones based on the statistical analysis of
both experimental and computed values. (b) The experi-
mental k2, [¢/HY] = 0.493 value is clearly much higher
than its computed counterpart, 0.145 (level C3). How-
ever, if we reduce the statistical analysis of the ab ini-
tio computed values to helix-like (ag,) and S-region type
conformers (3, and er,), the RZ [/ *H®] correlation co-
efficient of the computed data increases considerably, to
R2..[v/'H*] = 0.753 (level C3). Indeed, if only these
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two major secondary structural elements are included in
the database, R2 [t/ H®] becomes as high as R2,,, val-
ues obtained for ¢/3C%, ¢/ H®, or ¢/13C%. However, we
still advocate the use of all typical backbone structural
elements in order to obtain a more complete picture of
structure-CS correlation. (¢) For both experimental and
ab initio data the CS—CS correlation 'H*-3C® is found
significant (Fig. 7): R[¥C*/'H*] = —0.801 (expt.) and
R[13C*/'HY = —0.689 (level C1) (Tab. 4). The same
conclusions are obtained when a similar structure—CS cor-
relation is performed for the Tyr residues. (d) The exper-
imental CS data of all other nuclei (e.g., *°N and 'HY)
show significantly weaker correlation with conformational
variables (¢, ¥, or x!). This agrees well with results ob-
tained from the computed data.

Two-dimensional heteronuclear correlation spectra
have been used, when available, to check folding properties
of macromolecules, especially those of proteins. Significant
signal dispersion along both the proton and nitrogen di-
mensions (e.g., "HN-1°N HSQC) is considered as an indi-
cation of global fold. It is not common, however, to utilize
the signal dispersion of the 'H*-'2C® region of an 'H-13C
HSQC-type data set. When taking a closer look at proton-
carbon correlation maps one observes that while signals
correlating H?-CP, HY-C7, or H®-C? pairs of atoms are
closer to the “diagonal” in the case of a folded protein,
ITH* - 13C* signals have a larger spread. Thus, the latter
type of signal dispersion is related to the backbone con-
formation of the parent amino acid. Undoubtedly, there
are other effects that manifest in the final “location” of
a THY-13C® signal; however, we believe that in this case
the dominant cause is the backbone fold. Under optimal
experimental conditions this could result in the determi-
nation of the backbone fold from '3C® and 'H® chemical
shifts.

In the last part of this section we are focusing on the
relation between 13C* and '"H® chemical shift changes and
torsional parameters ¢ and 1 (see Tab. 8 and Figs. 7 to 9).
Down- and upfield shifts are relative to the random coil
values 65Pe¢(13C) = 58.2 ppm and d-P¢(*H) = 4.6 ppm
extracted from BMRB [40]. The relevant results are as
follows.

(a) In the case of right-handed helical conformations
(ap-type structure) a characteristic down-field shift
of the C* CS can be observed in Figure 9.
This shift is especially strong when the side-
chain orientation of Phe is anti, for the 9 cases
the average value is +61.3 ppm, resulting in a
ABMRBéaL(a)(l?’C‘X) value of +3.1 ppm (¢f. Tabs. 6
and 8). Similarly large down-field shifts are obtained
using ab initio computations, Aleve! C35aL(a)(13Ca)
is +2.1 ppm. Along the other dimension, for 'H®
an up-field shift is observed both computationally
and experimentally. Considering again the same he-
lical conformers of Phe, ay(a) values obtained are
"HY ) = 4.5 ppm (level C3) and 'HYy ) (expt.) =
4.3 ppm, which mean ABMEB§ ;) (*H*) = —0.3 ppm
and Alevel C35aL(a)(1HO‘) = —0.1 ppm. In the present
database containing 18 proteins, ~13% (6 cases) of
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Table 6. Experimental chemical shift isotropy values (§ scale) of 48 phenylalanines extracted from 18 proteins with conforma-
tional parameters (¢, ¥, x', and x?).

N c ¢ ¢ HY H*|b sc ¢ w 7 7
118.1 60.0 39.4 1748 82 5.1|o. aa | 642 -462 -171.2 -148.6
123.0 61.3 393 1748 93 41| ag- | -62.9 -42.4 -176.0 -86.5
119.6 62.1 176.1 7.6 39|a ag- | -629 437 1739 -85.0

61.6 8.1 44| ag- |-61.1 438 1784 -85.9
120.3 59.9 38.9 75 44| ag- | -60.8 -44.9 168.8 -94.3
121.4 61.7 399 178.0 8.1 4.0|ow a.g+ | -60.0 -56.8 -172.2 98.0
119.8 61.3 389 1763 7.9 44|a ag+ | -61.5 -472 1754 82.1
121.5 60.6 39.0 8.6 4.6|aL a.g+ |-594 -49.5 -179.6 66.1
125.5 63.3 40.6 8.1 37| ag+ |-555 -47.4 -157.8 919
119.9 57.8 34.1 1753 6.8 3.8|ow g-.g- | -60.0 -44.3 -63.5 -18.0
118.1 62.5 39.8 1783 8.0 42|ow g-.g- | -59.7 -41.6 -76.2 -61.4
115.5 59.6 174.4 43| g-g- | 847 -12.5 -656 -69.4
112.8 59.6 1764 8.1 45| g-.g- | -82.7 -37.9 -58.7 -71.3
122.3 60.8 38.1 174.1 7.6 3.8| oL g-.g+ | -64.8 -46.5 -65.7 89.8
110.9 62.8 72 39| g-gt | -67.5 -42.0 -75.1 94.0
1159 59.3 176.4 7.6 4.6|aL g+.g+ | -659 -21.2 648 852
127.1 58.4 40.6 171.6 7.6 43|p. ag+ |-1429 109.3 -171.8 843
119.6 58.0 44.1 171.9 7.7 4.7|p. ag+ |-143.0 1334 -166.2 73.6
127.6 54.0 419 1725 93 5.8|f. ag+ |-109.8 121.8 1793 572
122.6 55.8 1749 9.9 51|B. g-.g- |-129.7 1439 -54.4 -85.5
1282 55.1 41.8 1749 9.1 5.7|p. g-.g- |-133.2 1364 -59.5 -95.0
120.6 56.1 42.6 1745 93 5.0|p. g-.g- |-119.3 1424 -564 -91.8
119.9 56.7 82 54|p. g-.g- [-130.3 1322 -59.5 -95.0
122.3 55.9 1750 8.7 50| B g-.g- [-125.6 1639 -63.9 -78.6

56.7 92 49|p. g-.g- |-105.1 142.6 -75.8 -78.7
125.8 57.2 425 1732 9.7 4.9|p. g-.g+ |-107.5 1424 -83.9 85.6
119.4 56.4 41.8 176.0 82 4.9|p. g-.g+ |-119.8 143.6 -70.3 79.1
117.3 55.9 42.8 1750 9.8 5.7|f. g-.g+ |-1253 161.0 -61.3 872
120.1 54.8 40.9 1755 8.6 5.6|f. g-.g+ |-116.0 1402 -60.7 97.9
119.0 54.5 41.0 1773 9.0 54|p. g-.g+ |-111.6 1349 -532 88.8
125.0 56.3 1745 9.1 4.7|p. g-.g+ |-1157 1483 -77.7 69.6
125.7 56.3 175.6 10.0 52| B g-.g+ |-112.3 151.4 -583  70.5
1202 54.8 171.1 9.7 53| B. g+.g- [-133.4 1557 749 -71.6
118.7 56.8 43.0 172.2 8.7 5.5|p. g+.g- |-146.7 161.1 63.5 -83.0
119.6 55.9 1717 9.4 51| p. g+.g- [-148.1 169.7 68.0 -78.2
113.7 55.8 42.4 172.8 7.9 5.5|p. g+.g+ |-128.6 147.0 67.9  89.6
116.9 57.1 44.0 172.1 9.0 5.6|p. g+.g+ |-134.0 151.7 74.8 828
122.4 55.3 93 5.0|p. g+.g+|-128.4 168.8 67.8 93.4
120.3 55.5 172.6 83 4.8|p. g+.g+ |-144.6 1524 58.6 887

57.7 92 43|y ag- | 967 1141 -172.0 -82.4
128.8 57.3 389 1729 93 47|y g-.g- |-111.4 107.7 -63.1 -84.2
112.7 57.5 39.9 176.5 8.1 4.9|3d g-.g- |-104.7 -12.3 -59.1 -58.1
118.1 57.8 41.9 1745 8.8 5.5|&p g+.g- |-130.2 -25.1 71.6 -82.2
121.0 55.1 85 5.1|e ag+ |-88.6 121.8 1748 61.3
120.9 57.6 39.9 176.1 7.7 4.9|e g-.g- | -95.0 153.8 -56.7 -65.2
129.2 58.3 39.5 8.8 53|e g-.g- | -94.7 118.8 -73.7 -95.1
128.5 57.2 41.7 89 52|ea g-.g- |-101.0 142.6 -74.3 -96.9
126.6 59.5 39.9 1754 8.8 4.8|e g-.g+ | -78.5 1562 -71.6 102.3

# bb = backbone, sc = sidechain. Chemical shifts in ppm, torsion angles in degrees.
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Table 7. Maximized Pearson correlation coefficients, Rmax, determined between major periodic conformational variables (¢,

¥, and x') and chemical shifts assigned for valines in 18 proteins®.

lSN IHN 13cot IHcL 13C[3 13cl
@ 0.256 0.470 —0.849 0.731 —0.194 0.334
v 0218 —0.476 —0.834 0.702 0.241 -0.242
7 —0.307 —0.260 0.485 0.448 —0.226 —0.385

2 The periodic unit of the three conformational variables ¢, ¢, and x' were shifted systematically (with an increment of 5°) in
order to maximize fitting. Significant correlations are given in bold face.

Table 8. Experimentally determined® and ab initio (levels A® and C3°) 'H*, ¥C*, ¢, and 1 parameters for phenylalanine
conformers occurring frequently in proteins.

Experiment Level Al Level B1
conf.!  abundance® aver. dev.! 'H* C* @ v 'H* BC* 4 v 'H* BC* ¢ v
ac(g-) 6 17 4.1 60.5 290 323 4.6 599 306 315
aL(g+) 1 9 4.6 59.3 294 339 49 564 306 315
ac(@) 9 17 43 613 299 313 4.5 603 306 351
B(a) 3 33 5.0 56.8 228 122 47 579 193 174 4.8 56.4 204 152
BL(g-) 13 24 5.2 56.0 241 145 5.3 53.6 230 160 5.1 543 204 160
BL(g+) 7 13 53 559 222 158 4.8 546 184 175 49 542 204 168
dp(g+) 1 35 55 57.8 230 335 49 597 174 329 5.1 603 19 328
So(g-) 1 34 49 572 255 348 54 601 201 315
eL(g-) 4 32 5.0 58.1 268 143 4.5 56.2 300 120
eL(a) 1 30 5.1 55.1 71 172 4.4 57.6 300 120
y(a) 1 41 4.3 577 263 114 49 562 274 73 49 550 275 89

2 Values extracted from the 18 proteins detailed in the section Computational details. ® Level A = GIAO-RHF/6-
31+C*//RHF/3-21C. [Computed chemical shifts for "*C* and "H® are uniformly shifted by 5.41 and 0.89 ppm, respectively
(¢f. Tab. 2), to match BMRB experimental radom coil values (Tab. 2).] ¢ Level C3 = GIAO-RHF/TZ2P//RHF /6-314+G".
[Computed chemical shifts for *C* and 'H® are uniformly shifted by 5.01 and by 0.89 ppm, respectively (Tab. 2), to match
BMRB experimental radom coil values (Tab. 2).] 4 Type of phenylalanine conformers found in the present protein data set.
° Number of cases assigned for the appropriate type of conformation in the 18 proteins. f Average deviation (in degrees) between
phenylalanine conformers in proteins and the reference ¢ and 1 values.

(b)

all helical units adopt a side-chain orientation of
gauche—. The analysis of ar(g—)-type experimental
data reveals both for *C® and for 'H® a small but
consistent shift: ABMEBg ;  (13C*) = +2.3 ppm
and ABMBRBg . o y(*H*) = —0.5 ppm. The 3C*
CS change is reproduced reasonably well by ab ini-
tio calculations: Alevel €36, (13C*) = 1.7 ppm
and Alevel C36QL(Q,)(1HQ) = 0.0 ppm (see Tab. 8 and
Fig. 9), indicating that the CS alteration is due to side-
chain conformational changes. The third type of side-
chain orientation, ar,(g+), is contained in the database
only once; thus, it cannot be the subject of a statistical
analysis.

For [-sheet backbone conformations experimental
data are available for all three types of side-chain orien-
tations: approximately 60% (13/23) have a gauche—,
BL(g—), 30% (7/23) have a gauche+, O1(g+), and 10%

(3/23) have an anti, B (a), side-chain orientation (cf.
Tabs. 6 and 8). Regardless of the type of side-chain
orientation, relative to the random coil values there is
a significant up-field shift for 13C® and a characteristic
down-field shift for 'H* (cf. Tab. 8 and Fig. 9). Ab ini-
tio CS values follow these changes, supporting the ex-
planation that these CS alterations are due to side-
chain conformational changes. Note that in the case of
the O (g—) conformer even the magnitude of the cal-
culated CS, 1Hg‘L(gf)(level C3) = 5.1 ppm, matches
the average experimental CS data (ngL(gf)(expt.) =
5.2 ppm). (Consider that the latter value is an av-
erage of 13 fL(g—) Phe conformers retrieved from
18 proteins.) For f(a) conformers the experimental
and theoretical CS values are also very similar along
both axes (e.g., Al*vel G551 ) (13C*) = —1.4 ppm and
ABMRB(SﬁL(a)(l?’CO‘) = —1.8 ppm).
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Fig. 8. ¢—C” [a] and ¥—C® [b] structure-chemical shift plots
as assigned for 48 phenylalanines contained in 18 proteins.

Fig. 7. C*—H® correlation plot as assigned for 48 phenylala-
nines (a) and 48 tyrosines (b) in 18 experimentally determined
proteins.

¢/ H® correlation (Tab. 8). In fact, for this conformer

(¢) The third most frequently assigned backbone con-

former in proteins is that of polyproline II, built up
from ep-type backbone conformational units. As ob-
served for helices and for (3-sheets, in polyproline II-
type structures also the gauche— side-chain orienta-
tion, EL(g—), is the most frequent one. However, only
a total of four (8%) eL-type backbone structures were
found among the 48 phenylalanine residues retrieved
from these 18 proteins. Furthermore, during ab ini-
tio CS calculations for the For-L-Phe-NH; model sys-
tem, the following ¢ and @ values were employed:
¢ = —60° and ¢ = 120°. However, the average [¢, 9]
values obtained for the four experimental structures
are off by some 30° from the “text book” values
used for the ab initio computations (¢ = —92° and
1 = 143°). Thus, sizeable differences between experi-
mental and ab initio CS values are expected. As estab-
lished earlier, a few tenth of a ppm discrepancy is ex-
pected between 'H®(theor.) and 'H*(expt.) due to the

the ab initio '"H* CS is significantly up-field shifted
(H?L(g_)(level C3) = 4.5 ppm) when compared to
the experimental value of 1H€°‘L( gf)(expt.) = 5.0 ppm
(Tab. 8 and Fig. 9). The difference between theoretical
and experimental values is 0.5 ppm for 'H* CSs and
close to 2 ppm for 3C® CSs. This signals that back-
bone changes are indeed coupled both to C* and to
H® CS values.

(d) Beyond the a-helix, 8-sheet, and polyproline II con-
formers only a single inverse y-turn and two dp-type
backbones were assigned in the 18 proteins. Obviously
the occurrence of the last two types of backbone ori-
entations is too small to be used for a meaningful sta-
tistical analysis.

8 Conclusions

Understanding correlation between peptide backbone con-
formations and chemical shifts of selected nuclei has re-
mained a challenge for experimentalists and theoreticians
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Fig. 9. Experimentally determined and ab initio (level C3)
computed 'H® and *C® chemical shifts of phenylalanine con-
formers (see also Tab. 6). Conformers assigned 3 times or more
are plotted only. (All computed C* and H* values are shifted
by 5.01 ppm and 0.91 ppm respectively, to match BMRB ran-
dom coil values.)

alike. Whatever approach is taken limitations are to be
faced. When following a computational (in the present
case an ab initio) strategy for CS determination, uncer-
tainties arise from the size and type of an ideal model
system, from the level of electronic structure theory em-
ployed, and from the a priori selection of the most im-
portant structural factors. Thus, specific molecular inter-
actions (e.g., the effect of ring current) are to be handled
with care. A critical assessment should reveal the size and
the type of the database, the level of homology, and the
quality (reliability) of the experimental data used. Know-
ing most of the limitations, studies like the present one,
which consider both computed and carefully selected ex-
perimental data, are perhaps the most promising and con-
clusive.

The European Physical Journal D

The findings of this study are as follows.

e Using a conformational library of For-L-Phe-NH,
as complete as possible, which comprises 27 dif-
ferent ab initio structures, a CS database was es-
tablished. The database contains more than sixty
medium- and/or high-level GIAO-RHF results, which
allow mapping of NMR shielding properties of aro-
matic amino acid residues over their entire conforma-
tional hyperspace.

e The theoretical levels employed for CS calculations
look reasonable, since conformationally averaged CS
values from both theoretical and experimental sources
match: we observe R? values as high as 0.99. As the
size of the basis set employed for the shielding calcula-
tion increases, deviation between the experimental and
theoretical CS values decreases to a few percent for all
nuclei but the amide protons.

e Correlating computed 'HY and '°N, as well as 'H® and
1BCe CS values, useful 2D plots emerge, corresponding
to commonly used (H,N)- or (H,C)-type heterocorrela-
tion NMR spectra. Conformational information can be
deduced from these 2D plots, independent of the basis
set employed for the electronic structure calculation.
Averaging out the effect of side-chain perturbation of
CS values, backbone conformational data can readily
be retrieved from shielding information of carefully se-
lected nuclei.

e The chemical shift values of both a-helices and
extended-like structures retrieved from empirical and
computational databases correlate well.

e Our comprehensive analysis presented here for pheny-
lalanine, quit similar to data published for valine
[25], further supports our strategy based on struc-
ture/chemical shift correlation. By now we have com-
piled data for four different models (For-Xazaz-NHy,
Xzz = Gly, Ala, Val and Phe) for all their nine typ-
ical backbone conformations. These NMR CS investi-
gations cover most structural subunits of peptides and
proteins, matching theoretical data with those derived
from experimental data sets. In this paper we present
both for our phenylalanine containing diamide model
and for phenylalanine residues retrieved from proteins
the significant 'H® and 3C® CS changes as function
of the backbone fold.

In summary, ab initio CS results presented for the
model system For—L-Phe-NH; revealed important fea-
tures of structure-CS interdependence. This theoretical
findings encouraged us to investigate a relatively large
experimental dataset. Both approaches reveal a coherent
picture suggesting the possibility of using CS information
directly from multiple-pulse NMR-experiments to obtain
other than NOE type structural information.
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research was partially supported by grants from the Hungar-
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