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A Theoretical Case Study of Type I and Type II f-Turns**

Eszter Czinki,'*! Attila G. Csaszar,**! and Andras Perczel!

Abstract: NMR chemical shielding an-
isotropy tensors have been computed by
employing a medium size basis set and
the GIAO-DFT(B3LYP) formalism of
electronic structure theory for all of the
atoms of type I and type II -turn mod-
els. The models contain all possible
combinations of the amino acid residues
Gly, Ala, Val, and Ser, with all possible
side-chain orientations where applicable
in a dipeptide. The several hundred
structures investigated contain either
constrained or optimized ¢, v, and y
dihedral angles. A statistical analysis of
the resulting large database was per-

3D) chemical-shift/chemical-shift plots
were generated. The 'H*-3C¢, BC«-1H*-
BCA, and PC*-'H*-*C’ 2D and 3D plots
have the notable feature that the con-
formers clearly cluster in distinct re-
gions. This allows straightforward iden-
tification of the backbone and side-chain
conformations of the residues forming
pB-turns. Chemical shift calculations on
larger For-(L-Ala),-NH, (n=4, 6, 8)
models, containing a single typel or
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type Il B-turn, prove that the simple
models employed are adequate. A lim-
ited number of chemical shift calcula-
tions performed at the highly correlated
CCSD(T) level prove the adequacy of
the computational method chosen. For
all nuclei, statistically averaged theoret-
ical and experimental shifts taken from
the BioMagnetic Resonance Bank
(BMRB) exhibit good correlation.
These results confirm and extend our
previous findings that chemical shift
information from selected multiple-
pulse NMR experiments could be em-
ployed directly to extract folding infor-

formed and multidimensional (2D and

Introduction

Relative orientations within the backbone of a protein, (see
Figure 1 for a schematic representation of constituent atoms
and typical dihedral angles!!! in proteins) which are also
influenced by appropriate side chains, determine its global
fold. Determination of the 3D structure of peptides and small
proteins from NMR experiments has been based primarily on
the extraction of distance-type constraints, mostly proton—
proton distances from nuclear overhauser exchange spec-
troscopy (NOESY).2% For a successful 3D structure
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mation for polypeptides and proteins.
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Figure 1. Typical dihedral angles, ¢ (C';—N;-C%-C’) and 3 (N;-C¢%—
C';—=N,,,), of proteins represented in a simple peptide model.
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determination by NMR spectroscopy it is mandatory to assign
all resonances. To achieve full resonance assignment for
unlabeled and singly-labeled (N) proteins, J-correlated spectra
and NOESY-type information are essential. On the other hand,
if a doubly-labeled (**C and '"N) protein is made available, the
full assignment can be achieved without NOE-type informa-
tion by using specifically designed experiments, and by exploring
homo- and heteronuclear coupling constants..'%1 At present,
however, even if all the assignments are correctly determined
from J-correlated spectroscopic data, the 3D structure of the
molecule cannot be determined without the analysis of the
information derived from NOESY-type spectra.

Chemical shielding of a nucleus, located in different
proteins or at different sites within the same protein, changes
as a function of the individual molecular surrounding within
the macromolecule or differences in backbone orientations. If
the latter factor is the dominant one, the local fold of protein
subunits can be revealed from chemical-shift information
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alone. Indeed, numerous NMR experiments!"'*l as well as
theoretical studies? 2! appeared which were designed to find
an alternative to NOE-based structural determination of
biomolecules. These studies are all based on the assumption
that the chemical shift of a particular nucleus X in a protein of
3D structure R is written as:

O*(R) = A0*(R) + 0X(R) ()

In Equation (1) d,. and Ad stand for the random-coil and
structural shift values, respectively, that is, J,. does not directly
contain spatial information. Empirical random-coil values can
be determined from investigation of NMR databases, for exam-
ple, the BioMagnetic Resonance Bank, BMRB,?) or directly
from experiments. Theoretical random-coil values at a given
level of theory can be determined by using energy-weighted
and energy-unweighted schemes. Apart from 'HY, the values
agree surprisingly well with the well-established empirical
values.”24l The structural shift can be given as Equation (2):

OX(R) = Adfc(R) + Adniocn (R) @

In order for structure determinations based on chemical
shifts to be successful the local effect should dominate.

Systematic theoretical investigations of “monopeptides”
and scattered studies on oligopeptides, as well as relevant
experiments, have offered several interesting results. Differ-

Abstract in Hungarian: A GIAO-DFT(B3LYP) formalizmus
€s kozepes meretii’ bazis segitsegevel NMR drnyekoldsi tenzor
szamitdasokat vegeztiink az I-es ¢s Il-es tipusu [-kanyarok
osszes atomjdra. A dipeptid -kanyar modellek Gly, Ala, Val és
Ser aminosavakat tartalmaztak az osszes lehetseges kombind-
cioban, a Val és Ser eseten a lehetseges oldalldnc-orientdciok
figyelembe vetele mellett. A vizsgdlt tobb szdz modellt rogzitett
ill. optimdlt ¢ es y diederes szogek jellemzik. Elvegeztiik a
letrejott hatalmas adatbdzis statisztikai elemzeset es tobb-
dimenzios (2D €s 3D) keémiai eltolodds- kemiai eltolodds
korreldcios térkeépeket készitettiink. A 'H*-BC* és 3C*-TH*-
BCh BCe1H*-C' 2D ¢&s 3D teérkepek fontos sajdtsdga, hogy a
kiilonbozo  konformerek egyertelmiien elkiiloniilt regiokat
alkotnak. Ez a sajatsdg a B-kanyarokat alkoto aminosavak
gerinc- (es sok esetben az oldalldnc-) konformereinek egyer-
telmo” meghatdrozdsat teszi lehetéve. A vdlasztott modell
megfeleloseget a nagyobb For-(L-Ala),-NH, (n=4, 6, 8)
modellekre - melyek I-es €s Il-es tipusu (-kanyarokat tartal-
maztak - vegzett kemiai eltolodds szamitdsok eredmenyei
bizonyitjdk. A szdmitdsi eljards megfeleloseget az elektron-
korreldciot magas szinten figyelembe vevé” GIAO-CCSD(T)
szinten szdamitott kemiai eltolodds ertekek tamasztjak ald. Az
elméleti es kiserleti (a BioMagneticResonanceBank-ban (BMRB)
elhelyezett) kemiai eltolodds ertekek statisztikai dtlagai minden
magra kivdlo korreldciot mutatnak. Az uj eredmenyek
megerdsitik €s egyben kiterjesztik kordbbi megfigyelesiinket:
helyesen kivdlasztott tobb-dimenzios NMR meresekbol adodo
kemiai eltolodds értekek kozvetleniil alkalmazhatok polipep-
tidek €s proteinek terszerkezetenek meghatdrozdsdra.
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ent nuclei respond vastly differently to structural changes; for
example, the appropriate 'H, 3C, 17O, and "N chemical shift
ranges are about 2, 8, 10, and 25 ppm, respectively.l'” There is
a characteristic shift of ’N" in Gly, Ser, and Thr residues.!
Multidimensional NMR experiments!'? have established a
few structure-induced BC¢ NH and 'HN chemical shift
changes in peptides and proteins, providing correlation
examples of backbone folds of peptides and proteins with
NMR chemical shifts. These results provided hope that direct
analysis of NMR chemical shifts from relevant multiple-pulse
experiments (e.g., 2D-HMQC,? 2D-HSQC/PY and 3D-
HNCAP?) may prove to be a plausible alternative to the
distance-based (NOE) strategy for elucidation of the dihedral
space of protein structures. It became well known from
different 'H-X-type correlated NMR experiments (e.g., 'HN-
N HSQC) that >N chemical shifts are rather sensitive probes
of protein main-chain fold and have considerable potential for
structure determination. Nevertheless, due to their fairly
complex dependence on several torsion angles and on
electrostatic field effects,*! interpretation of changes in N
shifts proved to be somewhat more complicated than that of
changes in BC shifts. In short, while the most important
structural factors determining the "N NMR chemical shift of
amino acid residue i appear to be the dihedral angles y,, and
¢;, the angles y; and ¢,,, and the side-chain orientation also
have an effect. Consequently, at present N shifts appear to
be less useful than PC shifts. It was found?®! computationally
that 3C¢ values in helices and strands are shifted by 2.3 ppm
downfield and ~2.9 ppm upfield, respectively, as compared to
the random coil value. These shifts should be compared with
available experimental results/?l about +3.2ppm and
— 1.2 ppm, respectively. For all residues studied, the *C* shift
showed the expected ~5 ppm increase for the  conformation
over the helical structure. Furthermore, the diagonal CSA
tensor elements were all found to be sensitive to changes in
the ¢, v, and yx; torsion angles. It is well known that in the
strands of 5-hairpin motifs the *C* conformational shifts are
negative and the BCP conformational shifts are positive.
Hydrogen bonds have a crucial role in the formation and
stabilization of peptides and proteins. For example, Asakawa
and co-workers®! found that the C* shielding values are
affected not only by the values of the torsional parameters (¢,
1), but also by hydrogen-bond patterns (standard, bifurcated,
etc.) and by hydrogen-bond strength. This observation proved
to be crucial during determination of the 3D structure of
ribonuclease and that of a basic pancreatic trypsin inhibitor.33
GIAO-RHF calculations also established the influence of
hydrogen bonding on the carbonyl carbon of N-methylacet-
amide interacting with formamide.?* Further computations at
the 6-31G** GIAO-RHF level have been performed on the
helical and S-sheet structures of For-(Ala)s-NH, in order to
investigate the effect of intramolecular hydrogen bonds on
shieldings of different nuclei, for example, *C.* The
experimentally determined difference between the helical
and the f-sheet values of *C, 4.6 ppm, is close to the
calculated value, 4.9 ppm. The most significant perturbation
caused by the hydrogen bond was on carbonyl carbons.!
Laws and co-workers®! have determined the effect of basis
set extension at the GIAO-RHF level, by employing standard
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basis sets STO-3G, 3-21G, 4-31G, and 6-311 + G(2d) on *C*
and C’ shifts of two amino acid residues, Ala and Val, in
proteins. They found that the chemical shifts of these residues,
determined by using smaller basis sets, correlate rather well
with results obtained with larger basis sets, even when the
underlying reference geometries were slightly different. It is
encouraging that chemical shifts computed at different levels
can be scaled.

Establishment of these results led to program develop-
ments and to further tests on proteins. Several empirical
programs have been developed, such as CAMRAP" and
TALOS,’8! which use a chemical shift database from homol-
ogous proteins to make NMR assignments in proteins.
Focusing on Ala and Val residues, Pearson et al. found that
in a protein such as nuclease, the ¢ and vy values can be
estimated using chemical shifts.’?) Although the results
obtained are less dependable than those derived from NOEs
and J-coupling constraints, the strategy seemed very promis-
ing for the estimation of secondary structures. Analyzing
chemical shift nonequivalencies of Ala and Val residues in
proteins like calmodulin and nuclease, the applicability of the
direct strategy was further explored.l'*! Prompted by these
results, 3C CSA tensor computations were extended™! to
cover additional amino acid residues, such as Ile, Ser, and Thr.
When studying "N shifts for bovine pancreatic trypsin
inhibitor and apamin, Gluska and co-workers,'*! showed a
correlation between the v, angle and N shifts for 3-sheet
residues but little other useful information. Celda et al.l'¥l
utilized correlations of C* structural shifts to refine the
NMR structure of epidermal growth factor, a small protein
containing 53 amino acids. Le and Oldfield?” studied the
amide N shifts in 14 proteins and seem to have found an
empirical correlation between N shifts and the ¢; and v,
dihedral angles. Overall, it seems that chemical shift results
from 1D NMR experiments are not sufficient for 3D structure
elucidation of larger biomolecules, even if they have relatively
rigid structures. In a further study of relevance, an attempt
was made to predict C shift values of valine residues in three
well-known proteins (calmoduline, nuclease, and ubiqui-
tine)l*l by employing empirical chemical shift surfaces and
utilizing their X-ray structures. Most Hartree —Fock (HF)
results and experimental values showed agreement poorer
than expected, but the agreement improved slightly by using
density functional theory (DFT) calculations. Pearson and co-
workers* have thus concluded that for accurate computation
of chemical shifts, geometry optimization and the inclusion of
electron correlation in the theoretical treatment appear to be
important.

In summary, all calculations and most experiments indicate
that it is possible to deduce certain backbone and side-chain
orientations from chemical shift data alone.

After completing systematic ab initio studies of NMR
chemical shifts of simple monopeptide (diamide) models,?>24
in this study we now start extending our approach to larger
peptide models, in particular to S-turns.

In globular proteins the third most important secondary
structure element, after a-helices and f-pleated sheets, is the
p-turn. The simplest and most abundant §-turns, those of
type I and type IL,/* can be characterized by using only two

1184

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

residues, i + 1 and i + 2, in the middle of a turn. Therefore, it
was natural to start the theoretical NMR shielding study of
secondary structural elements with these important building
units.

According to the traditional definition of Venkatachalam,
21 B-turns can be characterized by the ¢ and v torsional
angles of the two residues in the middle of the turn. Later this
definition was extended by a distance criterion,*] according
to which the C*C,;* distance must be shorter than 7A.
Although S-turns are mostly stabilized by hydrogen bonds, it
has not been proven that such hydrogen bonds are necessary
requirements of the appearance of S-turns. The dihedral
angles characteristic of type I S-turns are as follows: ¢,,; ~
—60°£30° ¢, = —30°£30° ¢, =& —90°£30° y, ., = 0°
+50°. In our notation*! these dihedral angles correspond to
conformer a; 0, . The dihedral angles characteristic of type II
p-turns are as follows: ¢,,; =~ —60°+£30°, v, ~ 120° £ 30°,
¢din ~ 80°+30° ¢, = 0°£50° (conformer & ap in our
notation). These conformer names will be used throughout
this paper.

Investigation of the structural and NMR properties of j3-
turns is important, since they determine hairpin stability, -
strand alignment in S-hairpins, and connecting and fixing
secondary structural elements of a periodic nature. The
biological role of fB-turns is also important. These motifs
often end up at the surface of proteins where they are
responsible for important biochemical processes, like post-
translational modifications (glycosylation, phosphorylation),
immunrecognition, and so on.

The dipeptide model system as part of typical type I and
type I S-turns of an octapeptide model made up of Ala
residues is depicted in Figure 2. Our basic 5-turn model, For-

\ X

B.

Figure 2. Type I (A) and type II (B) S-turn structures in For— (L — Ala)g—
NH, models.
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Xxx-Yyy-NH,, contains two amino acids Xxx and Yyy, a
formyl (For) group, and an amide group at the ends. The
amino acids Gly, Ala, Val, and Ser were chosen for modeling
of the naturally most abundant type I and type II -turns. For
the sake of completeness, all four amino acids are placed into
both positions of both types of S-turns. The choice of the
amino acid residues was based on the following consider-
ations:

a) Ala is the simplest chiral amino acid and therefore most of
the experimental and theoretical structural studies contain
it as the main building block of any structural motif.

b) Hydrophobic amino acid residues are found most often in
the (i +1) position of S-turns. Therefore, Ala and Val as
the simplest residues with apolar side chains are especially
important, and at the same time are the easiest to compute.

c) If Gly is found in the second (i +2) position of a 5-turn it
almost always leads to a type II structure. Obviously Gly,
as the simplest, achiral amino acid is especially suitable for
a systematic ab initio investigation.

d) If Ser is in the (i+2) position of a (-turn, one almost
exclusively finds in nature a type I structure. Furthermore,
Ser is the simplest residue with a polar side chain that can
form hydrogen bonds. Study of the Val and Ser residues
also provides insight into the effect the side chain has on
chemical shifts in the backbone.

In this paper a library of calculated geometric parameters
and chemical shifts is established for the S-turn structural unit
of peptides. The detailed structural analysis of S-turn models
is published elsewhere.] Partly due to the lack of detailed
experimental information on these systems, it is not evident
what is the best use of the large number of quantum chemical
data in the library. As in our previous studies,?>?* 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/chem-
ical-shift correlations, and derive new ones. Therefore, a
concerted attempt has been made to correlate calculated
isotropic NMR shielding and the resulting chemical shift
values with all characteristic backbone conformations.

Computational Methods

The reference geometries of fS-turn models employed for the NMR
shielding tensor computations of this study have been determined at the
3-21G RHF level. The geometry optimizations were carried out using the
Gaussian 98 program system.[*l Part of the relevant results are reported in
reference [45]. Due to the large number of side-chain conformers
considered, the geometry optimizations resulted in more than 200 struc-
tures; this means that the subsequent NMR calculations resulted in
chemical shift data for all the atoms of more than 400 residues. Extraction
of structural and chemical shift information, from the large number of
output files, was made by a program written in Python,*”! while extraction
of useful chemical information from this database was made by a careful
statistical analysis of the data.*]

Computation of NMR shielding tensors presented in this study used the
Gaussian 984l and AcesII* program systems. The NMR shielding tensor
calculations were performed at the GIAO-RHF 3!l (gauge including
atomic orbitals restricted Hartree —Fock), GIAO-DFT(B3LYP) (GIAO
density functional theory by employing the Becke3-Lee- Yang-Parr
functional®), GIAO-MP2P] (GIAO second-order Mgller-Plesset pertur-
bation theory), GIAO-CCSDP (GIAO coupled cluster theory with single
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and double substitution), and GIAO-CCSD(T)P! (GIAO CC theory with
single, double, and estimated triple substitution) levels of theory. The basis
sets employed included the 6-311++ G**5% the pVDZ,}’ and the
TZ2P1¥ sets. The last basis set was the same as employed in our previous
studies of the same nature.”>? In order to allow the use of relative
chemical shifts (0-scale), the appropriate isotropic chemical shielding
values of 'H, 1*C, and N were referenced to 'H and *C of tetramethylsi-
lane (TMS), and to N of NHj. The reference geometry chosen for NH;
corresponded to the all-electron aug-cc-pVTZ CCSD(T) optimized
geometry,™ while the geometry of TMS has been optimized at the
6-311 ++ G** B3LYP level.

There are several factors determining the accuracy of computed NMR
shieldings: choice of the model, quality of the underlying reference
geometries, effect of one-particle basis set deficiency, and the extent of
electron correlation. Previously, we revealed that the conformers of
diamide models are clearly distinguishable on certain chemical shift-
chemical shift correlated plots independent of the basis set employed for
the calculation of the chemical shieldings. ?*?!] Although the choice of
whether the GIAO-RHF calculations were performed at constrained or
fully optimized reference geometries has an effect on the calculated
shieldings, separation of the backbone conformers on these plots was
clearly not affected.

It is worth discussing how the dipeptide models we chose for this study
represent naturally occuring -turns. To test the effect of the length of the
peptide chain on chemical shift values, NMR shielding computations have
been performed for the appropriate conformers of the models, For-
(L-Ala),-NH, (n =4, 6, and 8), with structures optimized at the 3-21G RHF
level taken from reference [45](note that NMR shift differences between
the dipeptide and larger models are thus not only due to the different
lengths of the models but are also to dihedral angle differences). Figure 8
(see below) shows that the length of the model changes the computed
chemical shifts very little, supporting the choice of the dipeptide model for
this study; also the shift values of the n =6 and 8 models basically coincide.

To test the effect of electron correlation on NMR shielding constants for
peptide models high level computations (GIAO-MP2, GIAO-CCSD, and
GIAO-CCSD(T)) were performed for the For-Gly-NH, diamide model by
employing a pVDZ basis set. The results obtained are presented in Table 1.

Table 1. Differences of NMR chemical shifts obtained at the GIAO-pVDZ RHF,
GIAO-B3LYP, GIAO-MP2, GIAO-CCSD, and GIAO-CCSD(T) levels between
the extended (B;p) and y-turn (y,p) conformers of For-Gly-NH, .

CCSD(T)-RHF CCSD(T)-B3LYP CCSD(T)-MP2 CCSD(T)-CCSD

13Ce 1.30 0.39 —0.31 0.31
H* -0.21 0.15 0.01 —0.04
'H* 0.11 -0.03 —0.02 0.03
LNH 0.71 0.61 —0.05 0.26
'HN 0.40 0.04 —0.06 0.06

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

[a] All values are in ppm.

Analyzing the difference of calculated NMR shifts of the two conformers
(B and vy), one can see that the difference between CCSD(T) and RHF
results are the largest, and the difference between CCSD(T) and MP2
results are the smallest. Although the B3LYP method incorporates some
electron correlation, from our limited test results it is evident that it
provides less accurate results than the MP2 method. Nevertheless, B3SLYP
results show considerable improvement over RHF results and this level is
certainly affordable for much larger systems.

Our previous findings revealed that the absolute RHF chemical shift values
of certain nuclei (e.g., "N" and 'HN) deviate considerably from the
experimental data.’>2! The reason for this discrepancy, however, is not due
to the lack of electron correlation. The CCSD(T) values are just as far from
the experimental values as the RHF data.

In order to facilitate comparison of NMR shielding results obtained at
different computational levels, we calculated isotropic shieldings for For-
L-Ala-NH, with the 6-311 ++ G(d,p) and TZ2P basis sets both at the RHF
and DFT(B3LYP) levels of theory. The results can be compared to
experimental data deposited in the database of Wishart et al.’] Since not
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enough experimental data is available, only the 'H* and *C* NMR shift
data of the Ala residue can be compared. Table2 lists the average
differences of the calculated and experimental data. It is clear that the
TZ2P B3LYP level gives the best chemical shift results.

Table 2. Average difference of the calculated and experimental *C* and
TH* NMR chemical shifts for each conformer of the For-L-Ala-NH, model
peptide.l?)

Level of theor O("H) expn — O(H)cpiea 0(PC ) ey — 0(PCt)catea
y p p

6-311++G(d,p) RHF ~ 0.59 335
TZ2P RHF 0.71 3.90
6-311 ++ G(d,p) B3LYP 1.06 522
TZ2P B3LYP 0.43 233

[a] The underlying experimental averages refer to the database of Wishart.
The calculated averages include all major conformers of For-L-Ala-NH,.

The average of computed chemical shifts was compared to experimental
average (the BMRB[)) values for each amino acid. The goodness-of-fit
factors of linear regression for 'H¢, 'HN, 3C%, 13C, and "NH chemical shifts
was higher than 0.994 for all four amino acids.

Chemical-shift values of all S-turn secondary structures associated with any
of our model systems were retrieved from the database of Wishart et al.,[*"]
which contains NMR shifts of 18 proteins, and have been compared to our
calculated values. The calculated 'H* and '*C* chemical shifts, if exper-
imental counterpart available, show significant correlation.

All relevant structural and chemical shift data for all fully optimized
structures are deposited in the Supporting Information.

Results and Discussion

Structures and energetics: As noted in the Introduction, a
type I S-turn has a; ; conformation that is not changed due to
the modifying effect of side chains.®!l In our B-turn models the
a; region is found to be rather narrow, and instead of being
centrosymmetric, it is shaped like a valley (see Figure 3) that
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Figure 3. Residues of type I (aya,) and type II (e ap, €.0p, YL0p, Y1LVD)
p-turns, optimized at the 3-21G RHF level, on a Ramachandran-type (¢;,
;) plot.

extends toward the neighboring ¢, region (shown on Figure 3
as an qg-shift). In the case of type Il fB-turns, & ap, the
following subtypes have been observed: a) the first subunit
may have a y; conformation, since ¢ and y, are neighboring
regions on the Ramachandran surface; and b) in the case of
the For-Xxx-Gly-NH, models, the second subunit may have a
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conformation that is better described as Jp, (ap and dp, are also
neighboring regions)./°!l

When our S-turn model contains Ser, certain side-chain
orientations are not found to be minima. If Ser is the second
subunit, all optimizations starting from the aa and ag + side-
chain orientations end up with an ag — side-chain orientation.
(For labeling of side-chain orientations the following abbre-
viations are employed: {a,g +,g — } refer to y angles of {180°,
60°, —60°}, where a and g stand for anti and gauche,
respectively.) The reason for this is most likely the establish-
ment of a hydrogen bond between the O—H of Ser and the O
atom of the C terminus.

In four cases our optimization procedures resulted in two
stable conformers with slightly different torsional angles in
the y; region (see Figures 7—10). Consequently, we have two
stable y ap models with slightly different ¢ and 1 dihedral
angles. Due to the strong dependence of chemical shifts on ¢
and 1, these conformers, indicated on Figures 7-10 (below)
as (yLap)?*, have slightly different chemical shifts.

It is not the purpose of this paper to discuss energetic
features of the investigated model compounds at length, for
more details see reference [45].

Raw model—fixed ¢, ¥, and y dihedral angles: The main aim
of this study is to establish chemical-shift/dihedral-angle
correlations in S-turns. In a raw, “idealized” model occur-
rences of such relationships are investigated by keeping the
important dihedral angles of the residues constant at their
well-established mean values (see Computational Methods),
while optimizing all other geometry parameters. In order to
minimize other existing effects (e.g., hydrogen bond, dipole,
and side-chain interaction effects), the y torsional angles for
Ser and Val had to be fixed. We chose side-chain orientations
in which the backbone and side-chain interactions do not have
to be taken into consideration. (Val: y = 180° in all cases; Ser:
i+1:ya, ya,i+2:x: g—, x: ain both types of S-turns.)
NMR shielding calculations at the usual TZ2P B3LYP-GIAO
level were performed at these constrained geometries. If no
chemical-shift/structure correlations are observed in such
simplified models, it is unlikely that they will exist in more
complex models or in real systems. Subsequent relaxation of
the structural constraints would allow exploration of effects
disturbing the observed correlations.

In Figure 4, 'H*-13C* correlations are presented for the four
residues investigated, Gly, Ala, Val, and Ser, placed both at
the (i + 1) and (i + 2) positions of the S-turn. (Note that other
correlation plots have also been generated with similar
characteristics, but the '"H*'*C* correlations are the most
significant, and thus they are the only ones presented.) These
figures prove beyond reasonable doubt that, to the great
advantage of NMR structural determination of peptides and
proteins, the most important factor determining the position
of the conformers on this chemical-shift/chemical-shift plot is
the backbone structure. In other words, for all four residues
investigated the different backbone orientations cluster in
significantly different regions, allowing straightforward and
unambiguous identification of the subconformers a;, o, &,
and ap, and thus both types of S-turns. Figure 4 also shows
that the neighboring amino acid has only a small effect on the

0947-6539/03/0905-1186 $ 20.00+.50/0 Chem. Eur. J. 2003, 9, No. 5



Type I and Type II S-Turns

For-Gly-Xxx-NH,

ajd - - -
‘SLD For-Xxx-Gly-NH, 145

5
3(°c”)/ppm

pt ] . 48
%p
*Ep
w49
3.7 3.6 35 34 3.3 3.2
3("H?) / ppm
A
For-Val-Xxx-NH, ~160
2 For-Xxx-Val-NH, 161
8
L

162

163
Jes &
2
165 5
O

®
o8 o 166 —
L €
L 167
“ Jes
. Gy
LI L T T T T T T 69
40 38 36 34 32 30 28 26
8("H) / ppm
C

1182-1191
For-Ala-Xxx-NH, r51
For-Xxx-Ala-NH, 52
ah
53
5L

. |54
X Lss §
a S
L 56 :8
L57 2
%=}

58

w059

+ — T T T 60

4.4 4.2 4.0 3.8 3.6 3.4 3.2
8("H*) / ppm
B
For-Ser-Xxx-NH,
For-Xxx-Ser-NH,
s 158
L €
3 o
a
- {60 €
Q.
S
EN
O
o
462 5
oy .
ot 164
T T T T L T
4.6 4.4 4.2 4.0 3.8 3.6 34
3("H) / ppm
D

Figure 4. Appropriate chemical shifts of Gly (A), Ala (B), Val (C) and Ser (D) residues on 'H*-'3C* correlation plots for raw models (fixed ¢, 1 and y

dihedral angles).

arrangements of the points on the plots. The next important
observation is that these regions are located at somewhat
different positions for the individual residues; thus even in
this simplified model, no residue-independent characteristics
can be offered for structural studies using chemical-shift/
chemical-shift correlation plots. The last notable conclusion is
that once the backbone angles of the residues are fixed, the
scatter of the points on the 'H*'3C* correlation plots is
extremely small. In summary, NMR correlation plots should
serve as tools of considerable utility for the determination of
the 3D structures of peptides and should supplement NOE-
type studies.

It is only natural to extend our study from here to fully
optimized structures, which will be the subject of the next
section. Since optimized and constrained backbone angles
usually differ by less than 10°, it is not expected that the
extremely pleasing results found in this section will be greatly
affected. No linear relation is expected for the deviations
induced by diverse structural effects.

Chemical-shift/chemical-shift correlations: It soon became
clear from our present and previous?>?4 studies that one-
dimensional chemical-shift/torsion-angle plots do not provide
enough information to determine the torsional preference of

Chem. Eur. J. 2003, 9, No. 5

© 2003 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

amino acid residues. On the other hand, two- and three-
dimensional chemical-shift/chemical-shift correlation maps
do provide the required information, perhaps even for the
side chains, as shown in this and the previous sections. Such
maps may be considered as analogues of results from the
nowadays popular and routine multidimensional NMR ex-
periments. From the many possible homo- and heteronuclear
correlation plots investigated it was found that the 'H*-3C¢
2D, BC+-'H-13CA and BCe-'H*-13C' 3D maps are of highest
relevance for structural studies, and thus only these are
discussed, separately below.

IH*-13C# plots: In these plots, analogous to the results of basic
heteronuclear correlation experiments (e.g., 2D HSQC, maps
.10 the different conformers form separated clusters.
Statistically speaking, the Pearson correlation coefficientsl
for these data pairs are among the highest observed in our
studies.

Due to the achirality of the Gly residue, the L and D mirror
image conformers have the same chemical shift values. The
reduced number of conformer types cluster on the 'H*-3C*
correlation map (see Figure 5). Figure 5 clearly shows wheth-
er Gly is in the first or second position of the f-turn, and
whether it is in a type I or type II form.
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Figure 6. 'H*-3C* chemical shift correlation map for Gly residues in both
positions. NMR shifts calculated for f-turn structures optimized at the
6-311 ++ G(d,p) RHF level are indicated by half hollow symbols.

The effect of basis set enlargement at the RHF level on the
NMR chemical shifts was examined for the Gly residue, the
only achiral amino acid. Figure 6 shows that the qualitative
appearance (i.e., separated conformers) of the 'H*-!3C*
correlation map is not affected by expansion of the basis set.
Nevertheless, since the torsional angles of conformers opti-
mized at the 6-311 ++ G(d,p) RHF level differ considerably
from the torsional angles of conformers optimized at the
3-21G RHEF level, the appropriate chemical shifts are differ-
ent according to the sensitive torsional angle dependence of
chemical shifts.

The Ala conformers also appear separately on 'H®-3C*
maps, as seen in Figure 7. From this type of map the
determination of conformer type is straightforward, and thus
the type of the [-turn, as well as the position of the Ala
residue can be determined unambiguously. This behavior does
not change, as seen in Figure 8, when the f-turn is enlarged to
include 4, 6, or 8 Ala residues (see also Figure 2).

As far as Val is concerned, the different conformers do not
separate in the correlation map (Figure 9) as clearly as they do
in case of Gly and Ala. Nevertheless, determination of the
type of B-turn is straightforward from the 'H*-*C* map, and in
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Figure 9. 'H*-'*C* chemical-shift correlation map for Val residues in both
position.

the case of type I S-turns, the position of the Val residue can
clearly be assigned.

Furthermore, the side-chain orientation of the Val residue
can also be determined. Conformers with y~60° and 300°
have the same 'H% but different *C* chemical shift values
with y ~ 60° having the smaller *C* shifts. Compared to y =~
60° and 300° regions, the signals of y ~ 180° conformers always
separate clearly, and are found at approximately 0.6 -0.8 ppm
smaller 'H* values.
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This side-chain effect separates the backbone conformers
resulting in expanded backbone regions on the correlation
maps. Subsequently, a side-chain region of one conformer can
situate closely to a side-chain region of another conformer.
Like on other chemical-shift/chemical-shift maps, regions of
the ¢ and y; conformers appear to be elongated. Therefore,
these regions may overlap with regions of other conformers.
However, the effect of the y torsional angle on chemical shifts
can be clearly detected by examining correlation maps of For-
Val-Xxx-NH, and For-Xxx-Val-NH, models separately (Fig-
ure 10). In case of For-Xxx-Val-NH, models (Figure 10B), the
signals of the two conformers are far away from each other,
consequently the determination of both backbone and side-
chain conformers are straightforward.

The 'H*BC* correlation map of the Ser residue is
ambiguous as the signals of different conformers overlap with
each other. The reason is the same as discussed for Val. The
effect of side-chain orientation can be examined better on
maps on which signals of residues in the first and the second
position are plotted on different graphs (see Figure 11).

For both positions in the S-turn the signals of appropriate
conformers are separated. Thus by virtue of NMR chemical
shifts, the S-turn type can be determined. As observed for Val,
the signals are separated better when Ser is in the second
position; therefore the side-chain orientation can also be
examined. For the Ser residue, the effects of both y, and y,

For-Val-Xxx-NH,

* o - 56
. 58
Y =60° T

L o 60
* 7 =300°

3('°c”)/ppm

T
5.0 45

torsional angles can be taken into account. The chemical shifts
are clearly split due to the y; torsional angle. Additionally, in
the case of y; &~ 300° (g— orientation), the sensitivity of
chemical shifts to y, torsional angle is also straightforward.

BCe.lH*-3CF maps: Figure 12 clearly shows that for Ala, the
conformers can be more clearly distinguished with the help of
3D correlation maps than with 2D maps. The BCe!H*3C?
map is especially useful for distinguishing the different side-
chain conformers, as we can see it for Val in the i 4+ 2 position,
in Figure 13. It must also be noted that with a properly chosen
pulse sequence such 3D measurements can be performed.

BCe.lH*.3C' maps: Figure 14 shows for Ser in the i+2
position that the conformers clearly separate according to
their y, and y, side-chain torsional angles. Therefore, if Ser is
in the i + 2 position, determination of the type of the -turn
and the side-chain orientation is straightforward by using this
kind of correlation map.

It is also known that the chemical shifts of carbonyl carbons
(C) are due to the —1I effect of the oxygen atom. The highest
carbonyl carbon atom chemical shifts correspond to the ag —
orientation, because of strong hydrogen bonding between
side-chain OH and C=0.
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Figure 10. 'H*-3C¢* chemical-shift correlation maps [For-1L - Val - Xxx—-NH, (A) and For- Xxx -1 - Val-NH, (B)] for Val residues.
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Conclusion

Establishing correlation between peptide main-chain folds
and chemical shifts provides a continuous challenge for
experimentalists and theoreticians alike. For theoreticians,
uncertainties arise, for example, from the problem of ideal
size and type of a peptide model to be used for the
computations, the required minimum level of ab initio theory,
and the incorporation of important structural factors. There
are just as severe experimental difficulties in establishing such
correlations. Consequently, unambiguous correlations have been
put forward only for the a-helical and f-sheet regions of the

Ramachandran surface. One of the principal aims of this com-

putational study has been the confirmation of existing correla-

tions and derivation of new ones for selected dipeptides as
models of type I and type II S-turns. Some important findings
of this study, relevant or related to this issue, are as follows:

o The model chosen for the present computations, For-Xxx-
Yyy-NH,, with Xxx and Yyy=Gly, Ala, Val, and Ser is
adequate, as proven by NMR chemical shift calculations on
For-(L-Ala),-NH, (n=4, 6, 8) model systems. Larger
systems exhibit the same overall behavior as the smaller
models.

@ The four residues, Gly, Ala, Val, and Ser model adequately
the conformational characteristics of natural S-turns, since
Gly and Ser are often found in the second position of
type II and type I f-turns, respectively, while in the first
position hydrophobic residues, such as Val, are abundant.

o The TZ2P GIAO-DFT(B3LYP) level of theory, employed
extensively in this study, is the best compromise between
accuracy and computational effort, as shown by calcula-
tions up to the GIAO-CCSD(T) level. The adequacy of the
computed chemical shifts is also shown by comparison with
data deposited in the BMRB database, and with exper-
imental values of Wishart.

o Chemical shift differences between conformers of the same
residue can be traced back mainly to differences in dihedral
angles, as shown on chemical-shift/chemical-shift plots by
employing idealized conformers with constrained ¢, 1, and
x dihedral angles.

o One-dimensional chemical-shift/dihedral-angle plots do
not provide sufficient information to distinguish between
spatial orientations. On the other hand, two- and three-
dimensional chemical-shift/chemical-shift plots allow un-
ambiguous determination of backbone, and even side-
chain conformations. This study seems to indicate, that for
this purpose, the two-dimensional 'H*!*C¢ the three-
dimensional ¥C*'H*-13C’, and the PC«-'H*-13C# correlation
maps are the most useful.

In summary, ab initio isotropic NMR shielding results
presented in this paper, for dipeptide systems modeling (-
turns, facilitate and encourage the application of correlated
relative chemical-shift information from 'H-C HSQC,
HNCA, HNCB, and other multiple-pulse NMR experiments
to extract structural information directly from these measure-
ments. This opens an alternative route to NOE’s for the
derivation of protein structures from their NMR spectra.

Therefore, the usefulness of the approach of direct deter-
mination of conformations of protein building units from
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multidimensional NMR experiments depends on what effect
the side chains, solvation, anisotropic factors, and inter- and
intramolecular hydrogen bonding might have on the relative
chemical shifts of the selected nuclei. Detailed theoretical
investigations of more model compounds and more correlated
chemical-shielding plots are needed to establish the magni-
tude of these effects, while it is also hoped that the present
theoretical results will encourage experimental work in this
direction.
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