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Toward Direct Determination of Conformations of Protein Building Units

from Multidimensional NMR Experiments Part II:

A Theoretical Case Study of Formyl-L-Valine Amide

Andras Perczel*2 and Attila G. Csaszar!®!

Abstract: Chemical shielding anisotro-
py tensors have been determined for all
twenty-seven characteristic conformers
of For-L-Val-NH, using the GIAO-RHF
formalism with the 6-31 + G* and TZ2P
basis sets. The individual chemical shifts
and their conformational averages have
been compared to their experimental
counterparts taken from the BioMag-
netic Resonance Bank (BMRB). At the
highest level of theory applied, for all

angles, have been generated. On two-
dimensional chemical shift—chemical
shift plots, for example, 'HNH-1SNNH
and PNNH_13Ce regions corresponding
to major conformational clusters have
been identified, providing a basis for
the quantitative identification of con-
formers from NMR shift data. Exper-
imental NMR resonances of nuclei of
valine residues have been deduced from
18 selected proteins, resulting in 93

'H*—13C* chemical shift pairs. These
experimental results have been com-
pared to relevant ab initio values reveal-
ing remarkable correlation between the
two sets of data. Correlations of 'H* and
BCe values with backbone conforma-
tional parameters (¢ and 1) have also
been found for all pairs (e.g. 'H*/¢ and
3C%/¢) but 'TH*/1p. Overall, the appealing
idea of establishing backbone folding of
proteins by employing chemical shift

nuclei but the amide proton, deviations
between statistically averaged theoret-
ical and experimental chemical shifts are
as low as 1-3%. Correlated chemical
shift plots of selected nuclei, as function
of the respective ¢, ¥, y,, and y, torsional

analysis -

Introduction

The entrenched protocol for determining the three-dimen-
sional structure of proteins utilizing NMR spectroscopy is
based primarily on the extraction of structural constraints
from nuclear Overhauser exchange spectroscopy (NOESY).[!]
NOEs are first assigned to pairs of atoms (typically protons)
and then converted into distances between spatially close
pairs of atoms.'””l Data on selected dihedral angles, with
information on the hydrogen bonds, could complete the set of
constraints employed during structure analysis. Full reso-
nance assignment of 'H, 3C, and '*N nuclei can be achieved
without the use of NOE-type information, through specific
sets of 3D experiments (e.g. HNCA, HN(CO)CA, CBCA-
(CO)NH, HBHA(CO)NH, CC(CO)NH, HCC(CO)NH, and
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information alone, obtained from select-
ed multiple-pulse NMR experiments
(e.g. 2D-HSQC, 2D-HMQC, and 3D-

conformational
HNCA), has received further support.

HCCH-TOCSY),"l if and only if doubly-labeled (**C and '*N)
protein samples are available. Such resonance assignment
strategies, developed for proteins and based on homo- and
heteronuclear coupling constants,! bring forth the hope of
automated spectrum assignment.’®! New techniques emerge to
directly measure angles between bond vectors®" in the solid
phase and methods are being developed to determine the
secondary structure of proteins in the solid state.> The use of
dipole —dipole cross-correlated relaxation of double- and
zero-quantum coherences open new frontiers®! and can
provide additional sources of information that can comple-
ment NOEs in structure calculation. Nevertheless, even if a
full resonance assignment is obtained without NOEs, the most
common technique, routinely used at present, to acquire the
large number of constraints required for structure elucidation
is based primarily on NOE data. Consequently, in one way or
another proton-proton distances deduced from dipole —di-
pole relaxation of protons are quite crucial for the structure
determination of peptides and proteins.

Chemical shift changes of a selected nucleus located in the
same type of amino acid residue at different sites within a
protein are due either to differences in backbone orientations
or to the individual molecular environment. If the conforma-
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tional effect dominates over other environmental changes, it is
reasonable to assume that information on dihedral angles are
coded in the chemical shifts themselves. Computer programs
developed recently, for example TALOS,!' search chemical
shift databases for strings of adjacent amino acid residues in
order to predict their ¢,y values. Nicely resolved chemical
shift data can often be obtained from triple-resonance NMR
experiments, since information is spread out in three dimen-
sions. From these 3D data sets useful 2D cuts (e.g., 'H-1N,
"H-"3C, and "N-3C) can be extracted and analyzed. An
increasing number of chemical shifts have become available
for a growing number of proteins investigated by NMR
techniques, and they have been deposited in BMRB.I'I Both
these experimental and the complementary computational
studies!’>!7] have clearly established a few structure-induced
B3Ce, BNNH and "THM chemical shift changes in peptides and
proteins. On the other hand, due to the still low number of
protein structures determined by heteronuclear NMR tech-
niques, correlation between backbone conformers and chem-
ical shifts has been established only for the a-helical and §-
sheet regions of the Ramachandran surface.['®?] Neverthe-
less, these results support the appealing idea that analysis of
NMR chemical shifts could directly provide vital structural
data. However, it is not yet clear whether the analysis of
chemical shifts alone provides an effective alternative to the
distance-based (NOE) strategy for the elucidation of

Abstract in Hungarian: A For-L-Val-NH, molekula mind a 27
lehetséges konformerere kiszamitottuk az osszes atom NMR
kémiai eltoloddsdnak értékeit a GIAO-RHF formalizmus
valamint a 6-31 + G* és a TZ2P bdzisok. A szamitott értékeket,
valamint azok konformdcios dtlagait rendre Osszevetettiik a
“Bio Magnetic Resonance Bank”-ban (BMRB) taldlhato
kisérleti adatokkal. A szamitdsokndl alkalmazott legmagasabb
elméleti szint esetén—az amid protonoktol eltekintve—az dsz-
szes atomtipusra igaz, hogy a meghatdrozott kisérleti és
elméleti adatok kiilonbsége mindossze 1-3 relativ szazalék.
A ¢ Y, x; és x, torzioszogek fiiggvényében elkészitettitk a
fontosabb atomtipusok korreldcios térképeit. A peptidgerinc
fébb konformdcios csalddjai jol meghatdrozott és egymdstol
elkiiloniilé alcsoportokat alkotnak olyan kémiai eltolodds—
kémiai eltolodds kétdimenzios térképeken, mint példaul a
THNH _BNNH yagy g DNNH _13Ce feliiletek. Ez a megfigyelés elvi
alapként szolgdl a molekuldris térszerkezet NMR-eltoloddsér-
tékeken alapulo meghatdrozdsanak kvantitativ kidolgozdsd-
hoz. Tizennyolc gondosan kivdlogatott fehérje NMR-adatai-
nak analizise a valinra vonatkozéan dsszesen 93 darab 'H*—
BCe adatpdrt hatdrozott meg, és ezek a kisérleti értékek az
elméleti szamitdsok sordn meghatdrozott adatokkal nagyfoku
egyezést mutatnak. A TH* és C* valamint a ¢ és ¢ adatok
korreldcidja (pl. "HY¢p, BCYp) a "H* adatpdr kivételével
rendre szignifikans. A fenti eredmények tovabb erdsitik azt az
elképzelést, hogy a fehérjék gerinckonformdcioit csupan a
megfeleld tobbdimenzios NMR kisérletekbol (pl. 2D-HSQC,
2D-HMQC, 3D-HNCA) meghatdrozhato kémiai eltoloddsér-
tékek alapjan is meglehet hatdarozni.
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the dihedral angle space of proteins. If unambiguous
structure —chemical shift correlations were established
from shielding data, dependable dihedral angles could be
extracted from multiple-pulse experiments (e.g. 2D-
HMQC,?1 2D-HSQC,? and 3D-HNCA®). To achieve this
goal a systematic research correlating NMR shieldings of
nuclei with torsional parameters is needed. Today, due to
the lack of large number of reliable experimental data,
theoretical and as such ab initio computation of conforma-
tion-dependent NMR chemical shifts seems to offer the
alternative route in establishing and probing such relation-
ships.[18.24-31]

The primary goal of ab initio NMR computations on
peptides and proteins has been the determination of chemical
shielding anisotropy (CSA) tensors and chemical shifts of the
BC, BN, and 'H nuclei.l'® 239 Considerable progress has been
achieved since the pioneering study of Jiao and co-workers,*’!
who determined the *C* CSA tensor of For-Gly-NH, as a
function of the backbone conformation. It is now well
established that '*C* values in the helical and in the extended
backbone conformations are shifted by ~2.3 ppm downfield
and ~2.9 ppm upfield, respectively, as compared to the
random coil value. Alanine diamide models (e.g. For-L-Ala-
NH,)!!8 26,31 proved to be particularly popular for such
studies. In order to investigate the effect of intramolecular
hydrogen bonds on shieldings of different nuclei, for example
on C’, GIAO-RHF calculations have been performed both
on small model systems (e.g. N-methylacetamide interacting
with formamideP> 1) and on larger molecules such as For-
(Ala)s-NH,.3 The most significant perturbation caused by
hydrogen bonding was observed on carbonyl carbons.3
Although alanine-containing peptide models are of impor-
tance to decipher NMR shielding properties of peptides,
additional amino acid residues must be investigated to
understand the influence of different side chains and con-
formations on the NMR properties of nuclei forming the
backbone of proteins. In the present study we attempt to
provide a full NMR description of a peptide model containing
valine, namely For-L-Val-NH,.

Although longer polypeptides and proteins exhibit unique
and more or less stable folds, their building units are
inherently flexible. Few details are known about how tor-
sional angles of amino acid residues take their “stable” values
when incorporated in proteins. Unlike experiments, compu-
tations can determine the library of all accessible conformers
for any amino acid residue found in these macromolecules.
Therefore, theoretical conformational analysis of computa-
tionally accessible model systems, such as For-L-Val-NH,, are
of considerable utility®! and nowadays peptide models of the
size of For-L-Val-NH, can be routinely studied by ab initio
techniques. Nevertheless, results from ab initio calculations
are occasionally ignored or downplayed by skeptics, ques-
tioning particularly the relevance of “environment-free”
conformers when deciphering protein structures. Therefore,
we must note that in proteins most valines (>80%) are
buried, often contributing to the hydrophobic core region of
the globular system, where water is mostly excluded. For this
reason we consider ab initio results obtained for hydrophobic
amino acid residues as adequate for “real” polypeptide units
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folded in aqueous media. We also note, especially in this
respect, that one of our recent studies®! indicates that ab
initio conformers of For-L-Val-NH, show great similarity
to -Val- conformations found in globular proteins and that
computed relative energies and natural occurrences of
relevant conformers correlate remarkably well.

Using the gauge-including atomic orbital restricted Har-
tree—Fock (GIAO-RHF) method,” 38! the *C CSA tensors
of For-L-Val-NH,!"*!l have been determined as a function of
the main-chain fold. It has been concluded that a) substitution
on C“ consistently induces larger shielding shift on C” than on
C+;[13< and b) the ¢, ¥, and x, conformational parameters have
a significant influence on chemical shifts. By careful analyses
of chemical shift changes of Ala and Val residues in proteins
such as calmodulin and nuclease the applicability of a direct
strategy for structure elucidation has been probed,!'*d al-
though the NMR shieldings have been investigated?® only
with respect to the helical and S-sheet conformations. For all
residues studied *C* showed the expected &5 ppm increase in
the isotropic shielding of the -conformation over the helical
structure. Furthermore, the diagonal tensor elements were all
found to be sensitive to changes in the ¢, 1, and y; torsion
angles. Pearson and co-workers?”! have found that in a
protein-like nuclease the [¢,y] values of Val residues can be
estimated using chemical shifts, although the results obtained
are less dependable than those derived from NOE values or
from J-coupling constraints. In summary, all calculations
indicate that it is possible to deduce certain backbone and side
chain orientations and to some extent even their torsion
angles from BC¢ shielding tensors. Laws and co-workersP”
have conducted a research project to determine the lowest
appropriate theoretical level (n-particle space) and basis set
(one-particle space) to calculate CSA tensors of peptides.
Somewhat unfortunately, only substandard and split-valence
basis sets [STO-3G, 3-21G, 4-31G, and 6-311 + G(2d)] have
been tested on Ala and Val amino acid residues. Nevertheless,
it has been found that chemical shifts of these residues
determined using smaller basis sets correlate remarkably well
with results obtained with larger basis sets, even when the
underlying reference geometries are slightly different. This
opens up the possibility of scaling of chemical shifts computed
under rather different conditions. In a further study of
relevance,*® by using empirical chemical shift surfaces
Pearson et al. attempted to predict *C NMR shifts of valine
residues in calmodulin, nuclease, and ubiquitin, utilizing their
X-ray structures. Most RHF results and experimental values
showed worse agreement than expected, which improved
slightly by using density functional theory-type calculations.
Pearson and co-workers™! have thus concluded that for
accurate chemical shift computations, geometry optimization
and the inclusion of electron correlation in the theoretical
treatment appear to be important.

Table 1. Calculations employed for the For-L-Val-NH, model system.

In this report a library of calculated geometric parameters
and chemical shifts is established for the model peptide For-L-
Val-NH,. Partly because of the lack of detailed experimental
information, it is not obvious what is the best use of the large
number of quantum chemical data in the library. We feel that
a thorough statistical analysis, even in its simplest, linearized
form, offers the best way to confirm existing structure—
structure, structure —chemical shift, and chemical shift—
chemical shift correlations and derive new ones. Therefore,
we compare direct and statistically averaged chemical shifts,
obtained from BMRB, to their theoretically determined
counterparts. Furthermore, an attempt is made to correlate
calculated isotropic NMR shieldings and chemical shifts with
all characteristic backbone conformations*! of For-L-Val-
NH,, concentrating not only on C but also on "N and
'H NMR shifts. Finally, an effort is made, utilizing exper-
imental and ab initio results determined as part of this study,
to understand valine chemical shifts found in 18 selected
proteins.

Experimental Section

The For-L-Val-NH, model system is depicted on Figure 1. Average
chemical shifts of all nuclei forming the amino acid core are also reported
therein, as taken from the BioMagnetic Resonance Bank (BMRB).[
Computation of NMR chemical shielding anisotropy (CSA) tensors,
performed at the GIAO-RHF (gauge including atomic orbitals restricted
Hartree — Fock)P” 3! level employing basis sets of 6-31 + G*[*?l and TZ2PI#]
quality, utilized the Gaussian94/“! and Gaussian98“) program packages.

Figure 1. The For-L-Val-NH, model; approximate chemical shifts of valine
residues within proteins (0 values taken from BMRB) are indicated next to
certain nuclei.

Reference geometries employed for CSA computations have been
determined at the 3-21G RHF and 6-311 ++ G** DFT(B3LYP) levels.
The DFT level was employed extensively for geometry optimizations as it
proved to be especially reliable not only for peptides (e.g., For-Gly-NH, ")
For-L-Ala-NH,,*!l and For-L-Val-NH,!) but also for neutral amino acids,
such as glycinel*> %l and a-alanine.*®! Consequently, geometric results
obtained at the DFT level are considered to be much more reliable than the
3-21G RHF ones. Our goal has been to obtain a library of chemical shifts
covering all twenty-seven characteristic conformers of For-L-Val-NH,.
Therefore, in addition to full geometry optimizations, for selected con-
formers constrained geometry optimizations had to be performed keeping
the ¢ and v torsional angles constant at values characteristic for the related
catchment regions. Different combinations of full and constrained geom-
etry optimizations and CSA calculations are designated as levels A1l to B2,
as given on Table 1.

Level NMR computation Geometry optimization No. of structures Comment

Al GIAO-RHF/6-31 + G* RHF/3-21G 27 full opt. plus [¢,i] constraints
A2 GIAO-RHF/6-31 + G* RHEF/3-21G 20 full optimization

B1 GIAO-RHF/TZ2P B3LYP/6-311 4+ G** 27 full opt. plus [¢,] constraints
B2 GIAO-RHF/TZ2P B3LYP/6-311 ++ G** 18 full optimization

Chem. Eur. J. 2001, 7, No. 5
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Selected geometric parameters (including optimized/fixed ¢ and v values),
as well as energies and isotropic chemical shielding values (o scale) are
reported in Table 2-3. When relative chemical shifts (J scale) are used, the
appropriate isotropic chemical shielding values of 'H, *C, and N are
referenced to 'H and "*C of tetramethylsilane (TMS) and to N of NH;.

(The reference geometry chosen for NH; corresponds to the aug-cc-pVTZ
CCSD(T) optimized geometry,*) while the geometry of TMS has been
optimized at the 3-21G RHF level.).

Average (or random) chemical shifts and associated standard deviations for
Val are taken from data deposited in BMRBI'!I (see Figure 1 and Table 4).

Table 2. Selected conformational parameters and ab initio chemical shift (8) values® of For-L-Val-NH, determined at the GIAO-RHF/TZ2P//
DFT(B3LYP)/6-311 ++ G** (B1) and at the GIAO-RHF/6-31 + G*//RHF/3-21G (A1) levels of theory.

Conf.[! PDB conf.l] Levelld Gl ¢ ) % ISNNH THNH 13Ce H* BCP 'H BC
ap(g+) (a) Al opt. 60.3 40.9 76.4 101.24 4.36 55.45 2.45 24.05 2.76 170.40
B1 63.2 39.1 83.2 120.15 4.87 59.43 2.65 27.06 2.85 182.71
ap(a) (g-) Al opt. 47.3 44.6 178.7 95.37 4.20 54.12 2.80 27.53 227 168.64
B1 51.7 33.7 —179.8 115.12 4.73 60.00 3.06 29.93 2.77 182.20
ang—)  (g+) Al opt. 50.0 431 —449 10699 428 5283 288 3465 131 16882
B1 51.2 39.6 —42.8 127.78 4.77 58.39 3.12 38.56 1.51 181.86
a(g+) (a) Al constr. —54.001 —45.0 61.5 104.14 4.19 56.05 3.25 26.74 1.21 170.77
B1 —54.0 —45.0 54.8 125.65 4.72 60.20 3.55 30.58 1.40 183.40
ay(a) (g-) Al constr. —54.0 —45.0 176.0 97.76 4.01 54.56 3.68 24.87 1.88 170.88
B1 —54.0 —45.0 176.6 117.57 4.68 59.16 3.97 28.59 2.14 184.38
a(g—) (g+) Al constr. —54.0 —45.0 —54.8 105.73 3.97 54.08 3.72 26.14 1.34 169.22
B1 —54.0 —45.0 —542 126.36 4.56 58.77 3.98 30.85 1.55 182.29
Bugt)  (a) Al opt. ~1375 143.5 66.5 10494 545 5221 374 3002 146 17417
B1 —118.8 125.8 59.2 124.64 5.36 54.37 3.97 31.77 1.77 185.07
Bula) (g-) Al opt. 1424 163.5 1729 9704 564 5002 412 3086 128  173.59
B1 —131.1 162.2 178.8 114.21 6.09 52.81 4.42 33.61 1.63 184.58
Bug—)  (g+) Al opt. ~1632 157.4 ~552 10311 585 5216 375 2481 237 17188
B1 —151.9 157.6 —49.6 121.65 6.56 54.81 4.12 31.23 2.20 182.95
on(gt) (@) Al opt. ~136.7 ~599 672 10326 416 5443 417 3102 098 17111
B1 —126.9 —68.0 60.0 122.49 4.62 57.59 4.46 34.10 1.16 182.16
Op(a) (g-) Al opt. —170.4 —46.6 141.4 100.63 4.03 56.21 3.64 28.14 1.50 172.36
B1 constr. —144.0 —54.0 169.0 115.67 4.68 58.41 4.68 31.92 1.78 182.58
on(g—) (g4 Al opt. ~1755 ~346  —554 10064 396 5662 387 2249 320 17109
B1 —159.3 —40.1 —55.1 119.07 491 60.18 435 28.10 2.76 182.99
olgt) (@) Al opt. ~130.0 30.0 80.8 10938  3.85 4990 433 2796 168 17323
B1 —130.0 30.0 83.7 128.03 4.34 53.38 4.46 30.51 1.96 184.17
oL (a) (g-) Al constr. —1255 28.9 178.9 98.66 4.06 49.37 4.64 24.87 247 171.84
Bl —114.0 12.1 177.2 115.97 4.67 54.19 4.68 27.48 2.90 183.65
oug—)  (g+) Al opt. ~137.0 36.1 492 10942 435 4833 458 3059 139 17195
B1 —1121 4.3 —43.0 128.25 4.86 53.08 4.74 35.68 1.52 184.04
en(g+) (a) Al opt. 752 152.6 61.9 98.34 3.68 59.72 2.35 24.77 3.53 170.70
B1 85.1 133.3 61.4 119.22 4.03 64.50 2.51 27.61 3.56 183.42
ep(a) (g-) Al opt. 70.5 170.3 —152.6 96.23 3.72 55.29 3.02 27.11 1.47 169.25
B1 constr. 84.1 152.0 —158.1 119.23 4.02 61.47 322 31.49 1.79 182.57
en(g—) (g+) Al opt. 75.4 162.6 —17.6 102.56 3.86 57.15 2.58 28.09 2.15 169.63
B1 83.7 160.6 —18.7 122.83 4.19 61.59 2.96 30.09 2.57 181.68
e (g+) (a) Al constr. —60.0le! 120.0 60.6 109.83 4.27 55.40 2.96 25.96 1.77 174.96
B1 —60.0 120.0 60.2 128.63 4.73 57.96 3.29 29.49 1.85 188.39
e.(a) (g-) Al constr.  —60.0 120.0 1728 10640 466 5175 334 258 153 17458
B1 —60.0 120.0 172.0 117.95 5.08 54.81 3.62 2891 1.85 188.38
e(g—) (g+) Al constr. —60.0 120.0 —62.6 100.30 4.49 51.88 3.30 25.51 1.66 175.67
B1 —60.0 120.0 —58.6 125.07 5.30 54.91 3.67 30.12 1.75 187.47
vt (@) Al opt. 742 —615 580 10275 448 6256 265 2293 270 17219
B1 72.8 —63.2 63.3 122.51 5.09 66.86 2.87 27.12 2.75 183.13
o) (g-) Al opt. 59.5 385  —1688 10119 410 6148 317 2966 194  172.39
B1 572 —31.0 —1721 121.46 4.70 65.77 3.34 33.33 227 184.06
wE-) (g4 Al opt. 62.8 ~39.1 ~358 11056 445 6076  3.07 3347 157 17181
B1 61.5 —39.0 —36.8 131.69 5.04 65.31 3.32 37.94 1.77 182.27
gt (@ Al opt. ~86.6 714 659  113.02 427 5179 357 2430 191 17218
B1 —83.9 82.4 65.8 130.78 4.82 54.94 3.79 27.04 2.13 183.12
y.(a) (g-) Al opt. — 849 62.7 1732 103.07 454 4931 383 2416 206 17324
B1 —83.2 62.0 170.4 121.84 5.23 53.06 4.06 26.67 2.39 183.46
nig-) (g Al opt. ~853 656 —569 11077 476 4822 388 2796 136 17277
B1 —83.8 74.1 —57.8 128.49 5.51 51.53 4.13 31.36 1.61 182.87

[a] All chemical shifts reported are relative to the appropriate TMS and NH; isotropic chemical shieldings, determined at ab initio levels Al and B1,
respectively. [b] Symbols employed for the relevant conformation type a;, i, € etc. describe backbone conformations, while g+, a and g — describe side
chain (y,) orientation using the N-C*-C’-H’ torsional angle. [c] Description of side chain conformations according to the convention used in PDB. [d] See
Table 1. [e] Opt.: all (3n — 6) internal coordinates are optimized; constr.: all internal coordinates but the [¢,y] torsions, i.e., (3n — 8) coordinates altogether,
are optimized. [f] The torsional angles ¢ = —54° and 1 = — 45° are typical values for helical secondary structural elements found in globular proteins. [g] The
torsional angles ¢ = — 60° and 1y = 120° are typical values for poly-proline II secondary structural elements found in globular proteins.
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Table 3. Unsigned differences® between GIAO-RHF/TZ2P//DFT(B3LYP)/6-311 ++ G** and GIAO-RHF/6-31 + G*//RHF/3-21G conformational and
chemical shift () parameters of For-L-Val-NH,.["!

Conf.ll PDB conf.lY] el A¢p Ay Ay, ABN A'H ABCe A'H¢ ABCP A'HF ABC
ap(g+) (a) opt. 2.88 1.76 6.76 18.91 0.51 3.97 0.20 3.01 0.10 12.31
ap(a) &-) opt. 4.45 10.84 112 19.74 0.53 5.88 0.26 2.39 0.50 13.56
ap(g—) (g+) opt. 1.17 3.52 2.15 20.79 0.50 5.55 0.25 391 0.20 13.04
a (g+) (a) constr. 0.00 0.00 6.79 21.51 0.53 4.15 0.30 3.84 0.19 12.63
ar(a) &-) constr. 0.00 0.00 0.62 19.81 0.67 4.60 0.29 3.72 0.26 13.50
a(g—) (g+) constr. 0.00 0.00 0.54 20.63 0.59 4.69 0.26 4.71 0.21 13.07
prlg+) (a) opt. 18.63 17.66 723 19.70 0.09 2.16 0.23 1.74 0.32 10.90
pr(a) &-) opt. 11.26 1.34 5.95 17.16 0.45 2.79 0.31 2.75 0.35 10.99
prlg—) (g+) opt. 11.36 0.19 5.67 18.54 0.71 2.65 0.37 6.42 0.17 11.07
op(g+) (a) opt. 9.79 8.08 7.18 19.23 0.46 3.16 0.29 3.08 0.18 11.04
Op(a) &-) opt.-constr. 26.38 7.45 27.53 15.04 0.65 2.20 1.04 3.77 0.28 10.21
op(g—) (g+) opt. 16.24 5.52 0.33 18.43 0.95 3.56 0.48 5.61 0.44 11.90
oL(g+) (a) opt. 0.00 0.00 2.88 18.65 0.50 348 0.13 2.55 0.28 10.93
or(a) &-) constr. 11.55 16.81 1.72 17.31 0.61 4.82 0.04 2.61 0.43 11.80
og—) (g+) opt. 24.84 31.71 6.18 18.83 0.51 4.75 0.16 5.09 0.13 12.09
ep(g+) (a) opt. 9.90 19.32 0.48 20.88 0.35 4.78 0.16 2.84 0.03 12.72
ep(a) &-) opt.—constr. 13.57 18.36 5.52 23.00 0.30 6.18 0.20 4.38 0.32 13.31
en(g—) (g+) opt. 823 2.02 1.13 20.26 0.34 4.44 0.38 2.00 0.42 12.05
e(g+) (a) constr. 0.00 0.00 0.48 18.79 0.46 2.56 0.33 3.53 0.08 13.43
e(a) &-) constr. 0.00 0.00 0.72 11.55 0.42 3.06 0.28 3.09 0.32 13.80
e(g—) (g+) constr. 0.00 0.00 3.99 24.76 0.81 3.03 0.37 4.61 0.09 11.80
vo(g+) (a) opt. 1.34 1.75 5.28 19.76 0.61 4.29 0.23 4.19 0.05 10.94
yp(a) &-) opt. 2.30 7.55 3.30 20.27 0.60 4.29 0.17 3.67 0.33 11.67
vo(g—) (g+) opt. 1.27 0.09 0.98 21.12 0.60 4.55 0.25 4.47 0.20 10.46
yi(g+) (a) opt. 2.65 11.02 0.03 17.76 0.55 3.15 0.22 2.74 0.23 10.94
yL(a) &-) opt. 1.76 0.68 2.83 18.77 0.69 3.75 0.23 2.50 0.33 10.22
yu(g—) (g+) opt. 1.55 8.46 0.90 17.72 0.75 331 0.25 3.40 0.25 10.10
average unsigned difference 19.2 0.5 39 0.3 3.6 0.2 11.9
standard deviation from average 2.4 0.2 1.1 0.2 1.1 0.1 12

[a] All chemical shifts reported are relative to TMS or NH;, determined at ab initio levels Al or B1 (see text). [b] Values reported in Table 2 have been used
when subtracting level B1 data from level A1 data. See Table 1 for the definition of the theoretical levels. [c] See footnote b of Table 2. [d] Description of side
chain conformations according to convention used in PDB. [e] Opt. = all (3n — 6) internal coordinates are optimized; constr. = all internal coordinates but ¢
and 1 are optimized.

Table 4. Selected structural and relative chemical shift (0) values of all conformers of For-L-Val-NH, obtained by simple arithmetical averaging.

Cont .l Levell sc.ldl ¢ Y AEU p()/Ep(i)e NNH HMH Ca H~ s H’ C
ap Al 3 —54.0 —45.0 5.68 0.00 102.54 4.06 54.90 3.55 25.92 1.48 170.29
B1 3 —54.0 —45.0 5.35 0.00 123.19 4.65 59.37 3.83 30.00 1.70 183.35
ap Al 3 52.5 429 7.26 0.00 101.20 428 54.13 271 28.74 2.11 169.29
B1 3 55.4 375 6.74 0.00 121.01 4.79 59.27 2.94 31.85 2.38 182.25
B Al 3 —147.7 154.8 0.21 0.58 101.70 5.65 51.46 3.87 28.56 1.70 173.21
Bl 3 —133.9 148.5 0.24 0.60 120.16 6.00 53.99 417 32.20 1.87 184.20
YL Al 3 —85.6 66.6 0.86 0.35 108.95 4.52 49.77 3.76 25.47 1.78 172.73
B1 3 —83.6 72.9 0.99 0.33 127.03 5.19 53.17 3.99 28.35 2.04 183.15
b Al 3 65.5 —46.4 433 0.02 104.83 4.34 61.60 2.96 28.69 2.07 172.13
B1 3 63.9 —444 4.62 0.01 125.22 4.94 65.98 3.18 32.79 2.26 183.15
oL Al 3 —130.8 31.6 2.88 0.03 105.82 4.09 49.20 4.52 27.80 1.85 172.34
Bl 3 —118.7 15.5 3.31 0.01 124.08 4.62 53.55 4.63 31.22 2.13 183.95
op Al 3 —160.9 —47.0 7.26 0.00 101.51 4.05 55.75 3.90 27.22 1.89 171.52
B1 3 —143.4 —54.0 6.82 0.00 119.07 4.74 58.72 4.50 31.37 1.90 182.57
& Al 3 —60.0 120.0 2.78 0.03 105.51 4.47 53.01 3.20 25.76 1.65 175.07
B1 3 —60.0 120.0 2.26 0.05 123.88 5.04 55.89 3.53 29.50 1.82 188.08
&p Al 3 73.7 161.9 9.98 0.00 99.04 3.75 57.39 2.65 26.65 2.38 169.86
B1 3 84.3 148.6 9.96 0.00 120.42 4.08 62.52 2.90 29.73 2.64 182.55

[a] Conf. =backbone conformation (see text). [b] See Table 1. [c] sc. = number of side chain conformers used when chemical shift values have been averaged
(for relevant CSA data see Table 2). [d] Averages of relative energies within a given backbone catchment region. Typically three (in some cases less) side
chain conformations have been determined at the 6-31 + G* (Level Al) or TZ2P (Level B1) RHF levels. [e] Relative populations are calculated based on
relative energies as exp(— AE/kT)/Z exp(— AE/kT), where kT=0.595371 [kcalmol~'] at 7=300 K.

Chemical shift data used for statistical purposes has to be referenced rather experimental structures of these proteins were retrieved from the Protein
carefully to a common standard. This was done by Dr. David Wishart and Data Bank (PDB).’" Data from the above two sources (BMRB!' and
the results were kindly provided for us for the following 18 proteins: 1BPI, PDBPY) were aligned and employed as an experimental database for
3LZM, 1LZ1, 2RN2, 2RNT, 1SNC, 1HCB, 1UBQ, 1CEX, 1GZI, 5P21, testing theoretically predicted chemical shift values. One has to note that

1ROP, 1ICM, 192L, 1IGD, 3RN3, 2TRX, and 1A2P. The relevant no C* chemical shifts are available for proteins 1LZ1, 2RNT, 1GZI, 1A2P,
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and 192L. Furthermore, for 2TRX there are two, while for 1A2P there are
three relevant PDB files, with slightly different coordinates. By removing
all questionable entries a total of 93 unambiguous Val residues remained,
where both proton and carbon chemical shifts as well as dihedral
parameters were available. Although the 93 valines form a significantly
larger database than any previous one, even more experimental data is
needed to draw an unambigous statistical picture.

Results and Discussion

Structures and energetics: Traditionally, the [¢,y]; torsional
angle pair is used to describe the backbone conformation of
residue i within a protein.’% 32 The torsional potentials along
both ¢ and y are expected to have a maximum of three minima
for an alpha amino acid residue. Consequently, we expect nine
characteristic conformers for each “peptide unit” (-NH-CHR-
CO-).[53 5435551 These nine conformers are named, according
to our established convention,> 3 as follows: a; , ap, BL, Vi,
¥p» OL, Op, €, and ey, (see also Figure 2 for the Ramachandran
surface of For-L-Val-NH, determined at two levels of theory).

The [¢,y] values of residues found in hundreds of non-
homologous proteins, in which the structures have been
investigated by X-ray diffraction, revealed the existence of all
nine backbone conformer types, though with very different
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Figure 2. 3-21G RHF (¢, top) and 6-311++ G** B3LYP (e, bottom)
locations of the different conformers of For-L-Val-NH, on a Ramachandran
surface. (* stands for conformers with constrained [¢,1] torsional angles,
three stars (e.g. in the case of @) means that all three side chain rotamers
(g+, a, and g — ) were calculated with constrained backbone parameters.)
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abundances. Conformers such as ;, v, 0., and ¢, forming
the broad f§ region, or structures such as ¢, , symbolizing the
helical subspace (3;,- and/or 4,5-helices) of the Ramachandran
surface, are observed most often. On the other hand, D-type
conformers (ap, yp, Op, and &p) are rare for amino acid
residues of S chirality.

Systematic ab initio calculations carried out on amino acid
diamide models For-Xaa-NH, and Ac-Xaa-NHMe, where
Xaa = Gly,Pl Ala,%1 Ser,5557 Phe P8 Val,?% > resulted in
considerably fewer minima than the maximum number
allowed. For example, at the 3-21G(6-311 ++ G**) RHF
level two (three) conformers could not be located for For-L-
Ala-NH,. These calculations showed that the ¢, ¢, and ¢
conformers are missing most often in dipeptides of various
amino acids. Nevertheless, existence of these “missing”
minima has been verified by ab initio techniques for larger
peptide models.

The hydrophobic and rather compact side chain of Val is a
typical representative of those amino acid residues (Val, Ile,
and Thr) which have a single H?. Formally, the isopropyl side
chain of Val, -CH(CHs;),, is derived from the methyl side
chain of Ala: the two HPs are replaced by two methyl groups.
Both methyl groups adopt typically a gauche+-like orienta-
tion (y, =60° and y,' =60°). Consequently, it is important to
restrict the systematic conformational analysis of a valine
dipeptide model (HCO-L-Val-NH, or CH;CO-L-Val-NHCH,;)
to three torsional variables: E = E(,1,)1), with y, and y, both
around 60°. The resulting potential energy hypersurface is
expected to have 27 characteristic conformers (three
orientations for each of the nine typical backbone con-
formers). Twenty out of the twenty-seven molecular struc-
tures were indeed determined previously at the 3-21G
RHF level.’! When the side chain (y;) has a gauche+ or
gauche — orientation, all seven backbone conformers (ap, (i,
YL, ¥p» OL, Op, and &p) typical of For-L-Ala-NH, have also been
assigned for For-L-Val-NH,. However, if y; has an anti
orientation, not only the expected a; and ¢; but also the J;
minimum vanishes.

In this study we do not intend to discuss structural and
energetic features of For-L-Val-NH, in detail, since this has
been done both at the 3-21G RHFP? and 6-311 ++ G**
DFT(B3LYP) levels.’! Selected relevant conclusions of these
studies are nevertheless repeated here as follows: a) Out of
the 27 expected characteristic structures, at the RHF level
only 20, while at the DFT level only 18 conformers correspond
to minima. As mentioned in the previous section, in the
present study the remaining 7(9) structures of For-L-Val-NH,
have also been optimized, using constrained [¢,] torsion
angles; b) the [¢,y] torsional angles do not change signifi-
cantly when the 3-21G RHF geometries are reoptimized at
the DFT level (compare panels A and B of Figure 2); c) the
dihedral angles of the conformers correlate well with those
derived from proteins;P% and d) the calculated energy order
of the ab initio conformers shows remarkable correlation with
the relative abundances of conformers found in proteins.?!

Accuracy of computed chemical shifts: The average NMR
chemical shifts (and their standard deviations) for all nuclei of
the valine residue have been extracted from BMRB!!!l and are
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reported in Table 5 and Table 6. Utilizing these data we have
attempted to answer the question of how well the calculated
chemical shifts compare with their experimental counterparts.

The conformationally averaged experimental shifts of all
nuclei of interest (NN, 13Ce 13CH 13C’, THNH) retrieved from
the database can be compared either to a simple arithmetical
or to a Boltzmann-type (energy-weighted) average of the ab
initio shifts of the nuclei of individual conformers. The
corresponding data are presented in Table 5 and on Figure 3.
Opverall, the agreement between the average theoretical and
experimental shifts is rather impressive, especially for those
ab initio data obtained using the higher level of theory (level
B1). As the level of ab initio theory employed for geometry
optimization increases, that is as the basis changes from 3-21G
to 6-311++ G** and the method changes from RHF to
DFT(B3LYP), the deviation between theoretically and ex-
perimentally determined average shifts becomes small for
all nuclei but the amide proton. At the highest level of theory
(level B2), neglecting the 'HN! shifts, the error for all nuclei is
down to a few percent. For example, using the energy-
weighted sum of the theoretical values (Table 6), the differ-
ence between the best calculated (level B1) and experimen-
tally determined shifts for N™! is only 1.03 ppm (6 = 122.60
vs 123.63). For the H* and H” protons the difference be-
tween ab initio and experimental average shifts is less than
0.1 ppm. For the C* values the difference is larger, 7.94 ppm,
which represents an error of 13 % (Table 6). These observa-
tions are very similar to those found for For-L-Ala-NH, and
For-Gly-NH,.BPYU Tt is not clear why the error between the
calculated and observed amide proton (‘HN!) shifts is so much
larger (33 %) than for any other nucleus. Although deviation
of the calculated 'H™ shift from the experimental value
decreases when higher levels of theory are applied, it remains
substantial. One has to note that this large error is associated
with the most acidic (i.e., deshielded) proton, HNY, of the
molecule. As deshielding decreases, accuracy of the computed
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Figure 3. Correlation between ab initio (top: GIAO-RHF/6-31+ G*//
RHEF/3-21G and bottom: GIAO-RHF/TZ2P//B3LYP/6-311 ++ G**) and
experimentally determined average (conformation independent) chemical
shifts for all nuclei of For-L-Val-NH,.

Table 5. Statistical analysis of chemical shifts averaged over all backbone conformations using simple arithmetical averaging.!?]

Level Conf.® ISNNH INH 130 1« 13Cp N2 Be

av. std. acc. std. acc. aw. std. acc. av. std. acc. av. std. acc. aw. std. acc. aw. std.  acc.
Al 27 103.46 486 16 436 054 47 5413 394 13 346 0.63 15 2720 3.10 17 1.88 0.63 3 171.83 186 2
A2 20 102.99 501 17 441 060 47 5440 440 12 344 0.69 16 27.57 3.50 16 198 0.69 2 171.50 154 2
B1 27 12268 501 1 490 0.55 41 5805 431 7 374 065 9 3078 318 6 208 057 7 183.70 1.80 5
B2 18 122.67 515 1 500 060 39 5824 498 6 370 0.72 10 31.04 3.83 5 223 0.64 15 183.12 093 4
exptl. 123.63 27.04 825 0.73 62.17 2.95 4.09 0.77 32.82 1.81 1.94 0.62 175.64 2.00

[a] See Table 1 for the levels of theory applied. av. = average (in ppm); std. =standard deviation (in ppm); acc. = accuracy (in %), defined as (CSA®®" -
CSA“Id)/CSA*r!, Exptl = experimental average shifts and their standard deviations taken from BMRB. [b] Number of conformers.

Table 6. Statistical analysis of chemical shifts averaged over all backbone conformations using energy-weighted (Boltzmann) averaging.[?!

Level Conf.b! ISNNH INH 13Ca 1« 13Cp 1 BC
av. std. acc. std. acc. aw. std. acc. av. std. acc. aw. std. acc. aw. std. acc. aw. std.  acc.

Al 27 104.16 16 5.09 38 51.34 17 3.81 7 27.12 17 1.77 9 172.96 2

A2 20 103.99 16 512 38 51.23 18 3.83 6 27.16 17 1.77 9 172.90 2

B1 27 122.60 1 555 33 5423 13 4.06 1 30.57 7 1.93 1 184.14 5

B2 18 122.32 1 559 32 54.05 13 4.10 0 30.63 7 1.93 0 183.93 5

exptl 123.63 27.04 825 0.73 62.17 2.95 4.09 0.77 32.82 1.81 1.94 0.62 175.64 2.00

[a] See footnote [a] to Table 5.
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shielding increases: The less acidic H* and H” protons are
calculated with an impressive precision. Although both the
'HNH and '3C® calculated shifts are considerably off on the
NMR scale, they remain sensitive to conformational changes
(see below). Until now, theoretical studies have concentrated
only on BC and PN shifts of the a-helical and [-sheet
conformers of the peptide models. It is demonstrated here
that for all nuclei but perhaps one, considering all typical
backbone orientations, the average chemical shifts can be
determined with remarkable accuracy.

Chemical shift —chemical shift correlation maps: Chemical
shifts of backbone nuclei are modified not only by the
composition of the side chain (note, for example, the
characteristic "N™' upfield shift of Gly, Ser, and Thr
residues!®l) but for the same residue significant up- or
downfield shifts are expected due to changes in the molecular
environment and/or the backbone and side chain orientations.
Simple rotation of the adjacent amide planes can have a
remarkable effect on the chemical shifts of selected nuclei.
For example, the y;(a)= yp(a) (at level Al {¢, =—84.9°,
Y, =627} ={¢,p=59.5°, y,p=—385°}) conformational
change is followed by a 12.2 ppm change for the *C* and a
5.5 ppm change for the '*CP chemical shifts (Table 2). Fur-
thermore, interconversion between two conformational
neighbors, for example that of y;(g+) = f.(g+), can easily
be monitored through changes of selected chemical shifts (at
level B1 the appropriate changes are APNNT=6.14 ppm and
ABCP=—4.73 ppm) (see Table 2).

Such shifts are clearly noticable on correlated 3D-plots
(e.g., on the BNNH_THNH_BCe plot of an HNCA- or
HN(CO)CA-type triple-resonance NMR experiment) (Fig-
ure 4). Figure 4, as well as any of the related 2D plots,
referring to the BNNH_THNH 1B3Ce_1SNNH' apd 1B3Ce-THHN
planes (not shown), reveal different locations for the nine
characteristic backbone conformations of For-L-Val-NH,.
Structure-induced changes in the experimentally easily ame-
nable 'H™ shifts are relatively small. However, if the amide
proton ('HNM) shifts are correlated with those of amide
nitrogens ("NNT) a seemingly useful (and popular HSQC-
type) 2D plot emerges, where all characteristic backbone
orientations separate clearly (HNM—-NN 2D planes on Fig-
ure 4). All L-type conformers but §; occupy the left part of
this 2D plot. A similarly useful 2D plot is that of the 1*C*-H*
correlation map, presented on Figure 5. When chemical shift
averaging is performed according to the backbone clusters,
the influence of the different side chain orientations (g+, a, or
g —) on chemical shifts are hidden. These average values,
representative for the different backbone clusters, differ from
each other to a great extent. Furthermore, the relative
positions of these shifts on a *C*—'H* correlation map are
similar to those calculated for For-L-Ala-NH,.*! It seems to
be straightforward to recognize and assign the backbone
conformations of the amino acid residues from these relative
chemical shifts.

At all levels of theory the L-type and the p-type conformers
cluster in two distinct regions (Figure 5/A and 5/C). All
enantiomeric pairs of conformers (a; < ap, Y.< ¥p, 0L < Op
and & < ep) are connected by a solid line on Figure 5.
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Figure 4. PNNH_IHNH _BC« correlated 3D-plots for For-L-Val-NH, at two
levels of theory: Top: GIAO-RHF/6-31 + G*//RHF/3-21G and bottom:
GIAO-RHF/TZ2P//B3LYP/6-311 ++ G**. Chemical shifts for each back-
bone type were obtained by averaging all three side chain rotamers.

Compared to the relevant L-type structures all p-type con-
formers but ap are markedly downfield shifted along the
carbon axes and slightly upfield shifted along the proton axes.
In the case of a; < ap, while the C* shift is insignificant, the
H* upfield shift is almost 1 ppm. Considering the resolu-
tion of modern spectrometers, these chemical shift differ-
ences seem to be sufficient to distinguish and assign
the different backbone conformer types of the same residue
in a protein. However, if the side chain rotation is slow, or if
due to structural reasons individual y; rotamers are to be
expected, the assignment of the residue to a backbone cluster
based on ¥C*—'H“ chemical shifts may prove to be cumber-
some.

There are several factors determining the position of the
backbone conformers on ab initio chemical shift —chemical
shift correlation maps. Some of them are related to compu-
tations, such as the effects of one-particle basis set deficiency,
the extent of electron correlation considered, and the effect of
geometry optimization. Results reported in Table2 and
Table 3, as well as data shown on Figure 4 and Figure 5,
reveal that the backbone conformational clusters of For-L-
Val-NH, are clearly distinguishable on the correlated plots,
especially on the 3C*—'H“ plot, independent of the basis set
employed (6-31+ G* or TZ2P) for the calculation of the
chemical shieldings. Although the choice of whether the
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Figure 5. 'H*-'3C¢ correlated 2D-plots for For-L-Val-NH,. Panels B and D compile all 27 conformers, while data reported on panels A and C were
calculated after averaging the effect of side chain orientation. On panels A and C the conformational mirror images (x; and xp) are connected by arrows, the
L-type backbone conformers are circled by solid lines while the D-type conformers by broken lines, each associated with three side chain conformers. All ab
initio chemical shifts were corrected, the global average of all calculated and all experimentally observed conformational shifts were shifted to a common
value (see text for details). Two computational levels have been employed: GIAO-RHF/6-31 + G*//RHF/3-21G [square//empty symbol] (A, B) and GIAO-

RHF/TZ2P//B3LYP/6-311 ++ G** [triangle//filled symbols] (C, D).

GIAO-RHF calculations were performed at constrained
(levels Al and B1) or at fully optimized (levels A2 and B2)
reference geometries does have an effect on the calculated
shifts, the separation of the conformers is clearly not affected.
Unlike in the case of For-Gly-NH,,! the effect of electron
correlation on CSA has not been determined directly by
performing, for example, GIAO-MP2 calculations for the
present valine model. Nevertheless, based on data found for
the glycine model For-Gly-NH, B! it is not expected that
electron correlation will alter profoundly the following
qualitative picture: The characteristic peptide conformers
appear at different regions on certain chemical shift —chemi-
cal shift correlation plots. Therefore, the usefulness of the
approach of direct determination of conformations of protein
building units from multidimensional NMR experiments
seems to depend on what effect the side chains, solvation,
anisotropic factors, and inter- and intramolecular hydrogen
bonds have on the relative chemical shifts of the selected
nuclei. As to the future, detailed theoretical investigations of
more model compounds and more correlated-level chemical
shielding plots are needed, while it is also hoped that our
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present and previousP! theoretical results will encourage
experimental work in order to establish the magnitude of
these effects.

Chemical shift —structure correlations: One principal goal of
our research has been the investigation of the efficacy of the
use of chemical shift information to predict the main chain
fold of peptides and proteins. So far, we have demonstrated
that a) theoretical and experimental chemical shifts, when
averaged over the entire conformational space, are rather
similar); and b) chemical shifts form distinct groups on
chemical shift —chemical shift correlation plots as a function
of the [¢,] conformational clusters. Prompted by these
results, we decided to perform a systematic linear correlation
analysis between all important conformational parameters (¢,
Y, wy, w, and ;) and all chemical shifts (PNNH THNH 13Ce THe,
3CP, 'HP, and 3C’) of interest of For-L-Val-NH,. We repeated
these studies using both sets of ab initio data determined. The
linear correlation (Pearson) coefficient, R, and the related
standard error, Syx, have been employed during these
correlation studies.[°!]
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Typical correlation result are shown in Table 7, obtained at
level B1 and using R? values as a measure for the goodness of
the regression. For structure —shift correlation only those R?
values are relevant which relate conformational parameters
with chemical shifts, as given in the box of broken lines in
Table 7. (In this respect all other R? data, reported in italics in
Table 7, are irrelevant). A technical problem arises when
correlating a set of chemical shifts with torsional variables, &,
where &=¢, 1, etc., since torsions have a periodic nature.
Both the TUPAC [—180°<£<+180°] and the classical
definition of Ramachandran [0° < & < +360°] used for defin-
ing the periodicity of the torsions influence the outcome of the
correlation. To avoid this ambiguity, R? values are calculated,
unless noted otherwise, using the periodic unit 0° < & < +360°
for all torsion angles, reported as Rfj s It is evident that
often the goodness of the linear correlation can be maximized
by simply finding the “optimum” definition of the periodicity
of a particular torsional variable. When reported, the
optimum correlation between relevant pairs is described as
Riax.

The arithmetical average (Rf_s) of all calculated R _sq
values at level B1 is rather low: 0.087 with a standard
deviation (o) of 0.14 (Table 7). This means that on average
there is no meaningful linear correlation between conforma-
tional parameters and chemical shifts. Nevertheless, for a few
pairs of variables Rf_s values can be three to four times
higher than the above stated average. For example, R[%Hﬁo]
[¢/PC*]=0.473, R s50[¢/"H*] =0.418, and Rfj_s¢[1p/*C*] =
0.345. All significant correlations are printed in bold in
Table 7. The squares of the optimized Pearson correlation
coefficients between these variables are usually even higher:
R2.[¢/PC*] =0.557, Rf_s0[p/'H*] =0.818, and Rff_sq0)[1/C*] =
0.345. Undoubtedly, ¢/'H* provides the most significant cor-
relation between a backbone parameter and a chemical shift
(see Figure 6). The correlations between [¢,p]/[*C*'HY]
provide the possibility to “project” backbone conformational
parameters on the 'H*—13C* 2D plot and vice versa. This means
that even a simple 'H-'*C HSQC-type spectrum, once
resonances are assigned to the different amino acid residues,
could provide a handful of structural information. This is
discussed further below.
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Figure 6. The maximized fit between 'H* and ¢ at level B1 (R?=0.818).

Statistical measures (R and R?/0) of selected structure/shift
and shift/shift pairs (¢/3C?, ¢/'H?, ..., '"HY/'3C*, etc.) for the
four theoretical levels, A1 through B2, are reported in Table 8.
The variable pairs were selected either because the correla-
tion found was high enough to consider (e.g., ¢/*C%, ¢/'H?,
w/BC* and 'H*/"C*) or because the type of correlation must
be discussed regardless of the goodness of the correlation
(e.g., ¥/'"H*). The most important conclusions which can be
drawn from the data presented in Table 7 and 8 are as follows:
a) All elements of the two by two data set [¢,]/['*C*,'H*] but
w/'H* show significant correlation; for example, ¢/'"H* can be
as high as |R,.| ~0.904 (Figure 6). b) The 'H*'3C* shift—
shift correlation is significant with R%o >3 at all investigated
levels of theory. ¢) We do not find correlation between ¥ and
'H“ at any of the levels investigated. d) The *C¢ shift of For-L-
Val-NH, correlates with 1 almost as well as with ¢. e) None of
the shifts of the remaining nuclei (‘HH, BCF, 'HF, and 3C’),
except for that of "NNH| correlate with any of the structural
parameters. Nevertheless, if R? is maximized, the y,/""NNH
correlation becomes significant with | R, | =0.657. f) None of
the correlations mentioned become significantly different if
data are calculated at a higher level of theory, the overall
qualitative picture remains the same.

Although linear correlation of selected chemical shifts with
conformational parameters is not as high as one would hope,

Table 7. R? values determined between selected conformational and chemical shift values of For-L-Val-NH,.[

W, d) 1/" on 1 ISNNH IHNH 13Cu lHu 13C/3 lHﬁ 13C/

w, 1 0000 0016 0.668 0006 | 0.006 0.262 0.002 0.001 0.023 0.036 0.130

® 0.000 0002 0010 ! 0.0200.220) 0.069(0.213)  0.473(0.557)  0.418(0.818)  0.056(0.104)  0.198(0.260) ~ 0.267(0.267)
" 1 0.007 0.000 ' 0.007(0.137)  0.003(0.116)  0.345(0.345)  0.000(0.127)  0.014(0.089)  0.027(0.077)  0.026(0.272)
o, 1 0.000 : 0.010 0.127 0.015 0.010 0.006 0.012 0.056

1 1 | 0.015(0.431)  0.048(0.144)  0.006(0.155)  0.024(0.145)  0.190(0.297) ~ 0.026(0.298) ~ 0.050(0.085)
NNH 1 0.001 0.005 0.003 0.114 0.180 0.000

HNH 1 0.204 0.097 0.013 0.042 0.038

Ce 1 0.457 0.001 0.141 0.096

He 1 0.022 0.188 0.004

cr 1 0.412 0.042

HP 1 0.020

c 1

[a] A total of 27 conformers are involved; theoretical shifts refer to level B1 values. All conformational variables (¢, ¥, w,, w;, and y;) are scaled between 0°
and 360°. Auto-correlation values, that is R?[¢/¢], are all equal to 1. The average of all R? values, (R?), is 0.087, with a standard deviation (o) of 0.140. All

2

values larger than R?+1.50 (0.087+0.21=0.297) are marked bold. Selected maximized R2, values are given in parentheses, obtained by shifting
systematically (with an increment of 5°) the periodic unit of the conformational variables ¢, 1, and y;.
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Table 8. Selected statistical parameters of the correlation analysis between
conformational and chemical shift values of For-L-Val-NH, determined at
four levels of theory.[

Table 9. Selected R2,, values determined between major periodic con-
formational variables and chemical shifts assigned for valines in 18

proteins.?!

Al A2 B1 B2 15NNH IHNH 13Ca lHa 13c/$ 13Cf

R R%o R R%o R R%o R R%o ) 0.128 0.054 0.648 0.555 0.569 0.266
¢/'H* —060 312 —-0.84 442 —-0.65 298 —0.85 4.25 v 0.182 0.08 0.669 0.434 0.363 0-291
W/H 010 0.08 010 0.06 008 0.04 %1 0.201 0.045 0.194 0.085 0.100 0.100
¢/H3C 0.58 2.97 0.74 3.42 0.69 3.37 0.84 4.16 [a] The periodic unit of the three conformational variables ¢, ¥, and
P/eCe —0.67 394 -072 324 -059 246 -0.62 2.28 were shifted systematically (with an increment of 5°) in order to maximize
/"N -031 08 -035 075 -014 014  -0.10 0.06 fitting. A total of 18 proteins was analyzed for the torsional and NMR
XI/BC, 0.22 041 0.24 0.36 022 0.35 0.34 0.67 properties of valine residues.
THe/3C —0.69 408 —-0.69 303 -0.68 326 —0.73 3.15
THYy/BCP 0.10 0.09 0.10 0.06 0.15 0.16 0.15 0.14
IHNHASNNE 010 0.09 017 018 —0.03 000 —0.03 001 primary interest for experimentalists and theoreticians

[a] See Table 1 for details about the levels of theory (Al, A2, B1, and B2)
applied. R=Pearson coefficient, o =standard error. The average R?%o
values, obtained after considering all possible correlations between
conformational and chemical shift values are 0.115, 0.159, 0.140, and
0.170 for levels Al, A2, B1, and B2, respectively. All conformational
variables have been defined using the range [0°, 360°].

pairs with large |R| values certainly warrant further inves-
tigation. All available results suggest that relative changes in
the chemical shifts of *C* and 'H* are coupled with backbone
conformational changes: correlation between ¢/C*, ¢/'H¢,
and y/PC* are significant. Therefore, we decided to inves-
tigate the dependence of the calculated shifts of H* and C*
nuclei as a function of the applied level of theory (not detailed
here), as performed previously for For-L-Ala-NH,.®!l We
observed that extension of the basis set or improvement in the
quality of the reference geometry do not increase appreciably
the reliability of predicting [¢, ¥] values from calculated *C*
and 'H” values.

Chemical shifts of valine as function of its conformation in
proteins: The two predominant secondary structural elements
of proteins are the a-helix and the p-sheet. Therefore,
accurate description of the NMR characteristics of
these two conformational building units has been of

alike.[12 13,17, 18.24. @] Tn this section the correlation between
experimentally determined chemical shifts of selected nuclei
and the backbone fold of 93 Val residues in 18 selected
proteins is discussed. The analysis is more detailed than
previous ones in the sense that all backbone conformational
types are investigated.

As detailed in the last Section, correlation between tor-
sional variables (& = ¢, ¥, and ;) and NMR chemical shifts
(SNNH THNH 13Ce THe 13CA and *C’) can be maximized. This
has been done for the experimental data and selected results
are reported in Table 9 and Table 10. Experimental R2,, data
sets (Table 9) and comparison with their theoretical counter-
parts (Table 7) results in the following conclusions: a) Neither
NN por THNH show correlation with conformational varia-
bles ¢, y, or x; b) the ¢/'*C%, ¢p/'H%, and y/**C* correlations
are among the most significant ones; c) BC¥'H* data from
both sources show significant correlation (Figure 7) with
Reypu[PC'H*] = —0.83 and Ryp..qp[CY"H*]=—-0.73; and
d) the only obvious discrepancy between “theory and experi-
ment” concerns R2,[¢/PCP] and R2,[w/®CP]. While for
experimental data these R? values are relatively large with
RZtman[#/PCP] =0.57 and R2 yymax [1/*CP] = 0.36 (Table 9),
for data determined by ab initio techniques they are typically
low, RﬁcvclBl(max)[ﬁb/BCﬁ] =0.10 and REcvclBl(max)[w/BCﬁ] =0.09
(Table 7).

Table 10. Experimentally determined® and ab initio (level A1l and B1ll) 'H, 3C%, ¢, and v parameters for valine conformers occurring frequently in

proteins.
Experiment Level Al Level Bl

conf. abundancel!!  av. devll  'H* BCe ¢ Y 'H« BCe ¢ Y 'H« BCe ¢ Y
a(g—) 5 18 428 635 —78.0 —-250 431 626 —54.0 —450 432 633 —54.0 —45.0
ai(g+) 1 12 3.6 652 -53.0 —-31.0 435 621 —54.0 —450 433 629 —54.0 —45.0
a(a) 22 18 3.51 66.1 —66.0 —420 388 641 —54.0 —450 390 643 —54.0 —45.0
prla) 27 30 466 609 —120.0 131.0 437 602 —1375 1435 432 585 —118.8 125.8
pulg—) 13 21 483 588 —133.0 157.0 475 581 —142.4 1635 477 569 —131.1 162.2
Bulg+) 2 20 495 589 —151.0 141.0 438 60.2 —163.2 1574 447 589 —151.9 157.6
Op(a) 1 27 376 633 —109.0 —550 481 625 —136.7 -599 481 617 —126.9 —68.0
o(g—) 2 26 448  60.2 —116.0 -80 527 574 — 1255 289 503 583 —114.0 12.1
e(g+) 2 14 4.04 633 —60.0 136.0 393 599 —60.0 120.0  4.02  59.0 —60.0 120.0
e(g—) 4 32 396  61.0 —86.0 153.0 397 59.8 —60.0 120.0 397 589 —60.0 120.0
e (a) 8 34 427 623 —89.0 1240 359 634 —60.0 1200 3.64 621 —60.0 120.0
yL(a) 6 37 4.00 623 -99.0 107.0 420 59.8 —86.6 714 414  59.1 -83.9 824

[a] Values extracted from the 18 proteins given in the Experimental Section. [b] Level A1 = GIAO-RHF/6-31 + G*//RHF/3-21G. [Computed chemical shifts
for 3C* and 'H“ are uniformly shifted by 8.04 and 0.63 ppm, respectively (cf. Table 5), to match BMRB experimental averages (Table 5).] [c] Level Bl =
GIAO-RHF/TZ2P//B3LYP/6-311 ++ G**. [Computed chemical shifts for *C* and 'H* are uniformly shifted by 4.12 and 0.35 ppm, respectively (Table 5), to
match BMRB experimental averages (Table 5).] [d] Type of valine conformers found in the present protein data set. [e] Number of cases assigned for the
appropriate type of conformation in the 18 proteins. [f] Average deviation (in degrees) between valine conformers in proteins and the reference ¢, 1, and y;
values.
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Figure 7. 3C*~"H“ chemical shift—chemical shift correlation plot for 93
valines found in 18 proteins.

On experimental proton/carbon correlation maps (e.g., 'H/
BC HSQC) it is easy to see that the C%'H“ region shows
higher conformational dependence than the rest of the
spectrum: dots characterizing *C%/"H¢ correlations are much
more spread out than BC//'H? or *C7/'H” values. The level of
correlation found for ¢/C?, ¢/H?, /C* and y/H* allows for
prediction of backbone conformations from selected NMR
shielding values. Under optimal conditions this could result in
determination of the backbone fold solely from *C* and 'H*
chemical shifts and vice versa. Therefore, in this study we
focused primarily on understanding the nature of 3C* and 'H*
chemical shift changes and their relation to parameters [¢, ]
(Table 10 and Figure 8). Down- and upfield shifts are relative
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Figure 8. 3C%¢ (top) and *C%y (bottom) chemical shift conformation
correlation plot for 93 valines found in 18 proteins.
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to the following average values extracted from BMRB for

valine residues: 0(*C%yrp) =62.17 and 6(*H%prp) =4.09.

The results obtained can be summarized as follows:

a) There is a characteristic downfield shift for the 3C¢
chemical shifts associated with the right-handed helix
conformation (a, -type structure). The *C* downfield shift
of the helical building unit is especially significant for the
most populated anti side chain orientation oy (a—),
BC L@y expn=06.1 ppm. The experimentally observed
downfield shift is reproduced at both ab initio levels,
although its magnitude is slightly smaller: C%, ) Level a1 =
64.1 ppm and C%,; () Leve g1 = 64.3 ppm. Along the proton
direction, both the calculated and the experimental 'H®
chemical shifts of the a;(a —) conformer are shifted up-
field: "H,1 () Lever a1 =3.88 ppm, "Hy () Lever 51 = 3.90 ppm,
and "H",; () expu = 3-51 ppm. Within the helical parts of the
18 proteins analyzed here, valines adopt a gauche —
orientation in only 18 % of all cases, the anti side chain
orientation is much more frequent. Both the *C* and the
'H* chemical shifts associated with the a; (g — ) conformers
show small but significant downfield shifts: *C%,;, ) exou=
63.5ppm and 'H%,;( )expu=4.28 ppm. These shifts are
reproduced at both ab initio levels: ®C¢; )reveiar =
62.6 ppm, “C%y ) Leverst = 63.3 ppm and "H1 ;) Lever a1 =
4.31 ppm, "H% ;1 () Lever 51 = 4.32 ppm (see also Table 10 and
Figure 9). Since for the third type of side chain orientation,
a.(g+), only a single experimental case was found, analysis
of properties of this conformation is not possible. In
summary, the sign of the shifts characteristic for helical
backbone conformations are reproduced by calculations
for both side chain orientations @ — and g — . Furthermore,
for o, (g+) ab initio calculations reproduce the carbon and
proton experimental shifts remarkably well.

b) Among all valine residues found in [-pleated sheet
conformation approximately 1/3 (13/42) have a
gauche —, B.(g—), and 2/3 (27/42) have an anti, f(a),

55 5 4.5 4

O level Al
A level B 1
+ exptl

— —+59

r 57

+ 60
1 61
T 62
4 c*
a(g) 763
| 64

165

(+) 1 66
67

Figure 9. Experimentally determined (in 18 proteins) and ab initio
calculated (level Al and B1l) H* and C* chemical shifts of valine
conformers (see also Table 8). Only those conformers are plotted which
were found in the 18 proteins more than twice. (Computed values are
uniformly shifted by 8.04 ppm [C¢] and 0.63 ppm ['H¢] at level A1, and by
4.12 ppm [BC¢] and 0.35 ppm [H?] at level B1 to match BMRB exper-
imental average values 0(**C*) =62.17 and 6("H*) =4.09.)
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side chain orientation (Table 10). For both types of side
chain orientations there is a significant upfield shift for
3C* and a characteristic downfield shift for '"H* (Table 10
and Figure 9). Once again, our ab initio calculations nicely
predict the sign of these changes relative to the average
value deduced from BMRB. For the (g —) conformer
even the magnitudes of the calculated proton chemical
shifts, 'H%q )reverar=475ppm and  "H%q ) even =
477 ppm, are very close to the average value ('H*
fe—) expn = 4.83 ppm) of the 13 B, (g — ) conformers assigned
in the present protein database. Similarly to a-helices,
valines in f-sheets having a g+ side chain orientation are
rather rare, only two cases have been found out of a total
of 42.

c) Besides the helical (a;) and the extended (5,) conforma-
tions discussed already, the third most frequently assigned
backbone conformer of proteins is that of poly-proline II,
built up from ¢, -type conformational units. As for helices
and fS-sheets, in poly-proline II structures the anti side
chain orientation is the more frequent one, & (a) ~60 %,
while gauche — is found in about 30 % of the cases. The g+
side chain orientation with &; -type backbone structure was
found only twice among the 93 valines analyzed. During ab
initio calculations for the For-L-Val-NH, model system, the
following typical poly-proline II¢pand y values were em-
ployed: ¢ =—60° and 3 =120°. For all three types of ¢
conformers the experimental average [¢, y] values ob-
tained from X-ray data deviate significantly, ~25°, from
these typical backbone values, resulting in the possibility of
sizeable differences between experimental and ab initio
chemical shifts. Due to the generally established ¢/'H*
correlation (Table 9), a few tenth of ppm discrepancy is
expected between 'H%,, and 'H%,,. Indeed, for
this conformer the ab initio 'H* chemical shift is signifi-
cantly upfield shifted ("H%g,revear =3-59 ppm  and
"H,1 (4 Lever 51 = 3.64 ppm) when compared to the experi-
mental value of "H*, () exon =4.27 ppm (Table 10 and Fig-
ure 9). Nevertheless, for the ¢, (g — ) structures the ab initio
values agree well with experimental data, especially for
the 'H* chemical shifts ("H%p )peve a1 =3.97 ppm,
"H% (g Levet 51 = 3.97 ppm, and "H ;) expn = 3.96 ppm).

d) In addition to the a-helix, fS-sheet, and poly-proline II
conformers six inverse y-turns were assigned in the 18
proteins investigated, all having an anti side chain ori-
entation, denoted as y (a). As for g, the torsional
parameters of y;, especially v, are off by some 25°;
causing expected differences between calculated and
observed chemical shifts. As reported in Table 10 and
Figure 9, this difference is indeed present, suggesting that
both 'H* and *C* are sensitive to conformational mis-
matches.

Conclusion

Establishing correlations between peptide backbone confor-
mations and chemical shifts of relevant nuclei has provided a
continuous challenge for experimentalists and theoreticians
alike. When performing ab initio chemical shift calculations

Chem. Eur. J. 2001, 7, No. 5
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uncertainties arise from the problem of ideal size and type of
peptide model to be used, from the required level of quantum
theory, and from the incorporation of important structural
and environmental factors (e.g., non-planarity of the amide
groups and solvation effects). To consider all these effects at
once is an almost formidable task. An important challenge for
experimentalists is to provide a much larger, non-homolo-
gous, and carefully revised protein NMR database, something
similar to BMRB. In the meantime, studies such as the present
one incorporating both selected ab initio results and carefully
chosen values from experimental databases provide perhaps
the most promising approach. Important findings of our study
are detailed as follows:

o For the first time the entire conformational library of For-L-
Val-NH,, a typical representative of hydrophobic but non-
aromatic side chain containing amino acids, is presented.
The ab initio data set comprises 27 different structures
optimized at two levels of theory. All a,, ¢ , and some of
the &p, and Oy, conformers are found not to correspond to
local minima at the 6-311 ++ G** DFT(B3LYP) level of
theory. For these structures partially constrained geometry
optimizations were performed. As many as 54 medium-
and/or high-level GIAO-RHF NMR shielding calculations
were performed to map the conformational hyperspace of
valines in proteins.

o Agreement between theoretical and experimental chem-
ical shifts averaged over all conformers for the different
types of proton, nitrogen and carbon nuclei is impressive,
R? values as high as 0.99 are observed. As the size of the
basis set employed for the shielding calculation increases,
deviation between the experimental and theoretical shifts
decreases to a few percent for all nuclei but the amide
proton.

e In correlating "THN and NN chemical shifts, as well as "H*
and ®C“ chemical shifts, useful 2D plots emerge independ-
ently of the basis set employed. In the case of our valine
model peptide, after averaging the chemical shift modify-
ing effect of the side chain orientation, the positions of the
correlated shifts of the various backbone conformers differ
from each other to such an extent that it is straightforward
to recognize and assign the appropriate backbone con-
formations from their relative chemical shifts. The NH-—
'HNH and/or the 'H* and *C“ planes, which correspond to
results of HSQC (N,H)-type NMR experiments, reveal that
all nine typical backbone conformations separate clearly.

o The empirical structure—chemical shift correlations ob-
served by Wishart,['> ¥l Oldfield,'® Bax® and others have
been successfully applied in structural determinations of
helical and extended-like secondary structures. Data pre-
sented in this paper for valine give further justification to
these structure — chemical shift correlations and shows that
they hold for all typical backbone conformers. Our present
comprehensive analysis, augmented by our previous re-
sultsP!l for the For-Gly-NH, and For-L-Ala-NH, models,
reveals the intrinsic correlation of all nine characteristic
backbone conformations of peptides and their chemical
shift information (especially '"H* and *C¥%).

o Our detailed NMR shift investigation, covering the entire
conformational hyperspace available for a valine diamide
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model and all experimental valine chemical shifts extracted
from 18 carefully matched proteins, reveals significant
conformational dependence of 'H* and *C* chemical
shifts. However, more model compounds, for example
For-Ser-NH, (a model for hydrophilic amino acids) and
For-Phe-NH, (a model of amino acids with aromatic side
chains), should be studied to obtain a conclusive and
general answer as to whether chemical shift information in
general is good enough to use for structure determination
of peptides and proteins.
In summary, ab initio isotropic NMR shielding results
presented in this paper for the model system For-L-Val-NH,
facilitate and encourage the application of correlated relative
chemical shift information from ({'H-NJHSQC, {'H-
BCJHSQC, HNCA, HNCB, and other multiple-pulse NMR
experiments to extract structural information directly from
these measurements, thus opening an alternative route to
NOEs in deriving structures of proteins from their NMR
spectra.
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