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The dependence of the effective chemical shielding anisotropy (effective CSA, Ac®™) on the ¢ and v peptide
backbone torsion angles was calculated in the L-alanyl-L-alanine (LALA) peptide using the DFT method.
The effects of backbone conformation, molecular charge including the cation, zwitterion, and anion forms of
the LALA peptide, and the scaling taking into account the length of the dipolar vector were calculated for the
effective CSAs in order to assess their structural behaviors and to predict their magnitudes which can be
probed for the S-sheet and o-helix backbone conformations via measurement of the cross-correlated relaxation
rates (CCR rates). Twenty different CSA—DD cross-correlation mechanisms involving the amide nitrogen
and carbonyl carbon chemical shielding tensors and the C,H, (0t-carbon group), NHy (amide group), C,Hx,
NH,, C'Hy, and C’'Hy (o0 = al, a2) dipolar vectors were investigated. The X—C,Hy, (X = N, C’; a0 = al,
02) cross-correlations, which had already been studied experimentally, exhibited overall best performance of
the calculated effective CSAs in the LALA molecule; they spanned the largest range of values upon variation
of the 1 and ¢ torsions and depended dominantly on only one of the two backbone torsion angles. The
X—NHy (X = N, ') cross-correlations, which had been also probed experimentally, depended on both
backbone torsions, which makes their structural assignment more difficult. The N—NH,, and N—C’Hy; cross-
correlations were found to be promising for the determination of various backbone conformations due to the
large calculated range of the scaled effective CSA values and due to their predominant dependence on the ¥
and g torsions, respectively. The 20 calculated dependencies of effective CSAs on the two backbone torsion

angles can facilitate the structural interpretation of CCR rates.

Introduction

During the past decades, high-resolution nuclear magnetic
resonance (NMR) spectroscopy has become an indispensable
tool in structural studies of molecules.'> Applications of NMR
spectroscopy for obtaining valuable structural information for
biologically important molecules such as proteins and nucleic
acids have grown to an unprecedented extent.>”’

Despite the marvelous progress in experimental technique,
the NMR-resolved molecular structures may suffer from natural
restrictions. Typically, the 'H—'H proton—proton distances
probed with NOE (nuclear Overhauser effect) are not sufficient
for an unambiguous determination of molecular structure. The
NMR chemical shifts and scalar coupling constants can be
assigned only to geometric parameters that are confined in the
vicinity of the probed nuclei such as bond length or bond/torsion
angle,’ contrary to the long-range structural restraints by residual
dipolar couplings® or cross-correlated relaxation rates (CCR
rates).’ High resolution of the NMR-determined structures thus
still remains challenging and requires methods combining
various NMR parameters assigned to specific structural descrip-
tors. New reliable geometry restraints are therefore needed in
NMR studies of global structural features, such as the protein
tertiary structure.
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The CCR is a specific NMR phenomenon known for a long
time that was relatively recently exploited in dynamic studies
of biomolecules'®~!'7 and for obtaining geometry restraints in
proteins™'®~2 and in nucleic acids.?®~3 The cross-correlation
between chemical shielding anisotropy and dipole—dipole
interaction (CSA—DD) was also used for the determination of
the NMR chemical shielding tensor (o-tensor) principal com-
ponents and their relative orientation with respect to the
molecular frame even in the liquid state.** 37 The applicability
of the CCRs exceeds the limited range of biomolecular
studies.?®%

Measurement of the CSA—DD cross-correlated relaxation
rates probes both the dynamics (specific fluctuations of molec-
ular motions) and the o-tensor (see Theory). While reliable
prediction of the CCR dynamic component might be a chal-
lenging task,***! the structural dependence of the o-tensor and
its orientation with respect to the dipolar vector can be obtained
with many calculation methods. The theoretical modeling of
NMR spectroscopy parameters using modern quantum-chemistry
methods has become a practical tool that complements NMR
experiments.*?> The theoretical analysis of NMR parameters can
provide fast and deep insight into their dependence on molecular
structure including the impact of specific solvent effects and
molecular motion.*? To the best of our knowledge, only a limited
number of theoretical studies dealing with the ab initio modeling
of NMR parameters appertained to the CCR phenomenon is
currently available.**~* The goal of this theoretical study was
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to shed light on the protocols used for the structural interpreta-
tion of relevant CSA—DD cross-correlations which can be used
in probing the structure of peptide backbone. Some of the
CSA—DD cross-correlation mechanisms investigated in this
work were also probed in recent NMR studies.'8720:24:3746
However, the majority of them were theoretically modeled in
this work probably for the first time.

Our study was focused on the calculation of the effective
CSAs for different CSA—DD cross-correlation mechanisms
involving the o-tensors of amide nitrogen ('’N) and carbonyl
carbon (*C’) in the L-alanyl-L-alanine (LALA) peptide. The
calculated dependence of NMR properties on backbone con-
formation was further extended by modeling the effects of
protonation and deprotonation of the LALA terminal groups
occurring at different pH values. The three forms of the LALA
molecule (cation, zwitterion, and anion) were characterized in
our recent joint computational and experimental NMR work.*"48
Benchmark conformational analysis of short alanine peptides
carried out with the molecular dynamics was successfully
correlated with complex NMR data.* In the future we plan to
use the structural information obtained previously for the LALA
molecule with both NMR and optical spectroscopies*’#30 for
calibration of measured CCR rates in peptides.

Theory

A comprehensive theoretical description of the CCR phe-
nomenon is given by the Bloch—Wangsness—Redfield theory
of relaxations, usually called the Redfield theory.’' The matrix
form of relaxation equations includes the autorelaxation rates
on its diagonal, whereas the off-diagonal terms describe mutual
correlations between different relaxation mechanisms (i.e., the
CCR rates). The CCRs typically contribute by a very small
amount to the overall relaxation of a nuclear spin, and the
experimental accessibility of a particular CCR rate can be
therefore limited.

On the assumption of isotropic overall molecular motion of
a molecule that can be considered rigid on the time scale of the
overall molecular motion, the CSA—DD cross-correlated re-

laxation rate [ PP is described by the following equations:>'>2
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where By is the magnetic field strength, AosT is the effective
CSA that correlates the principal components of the o-tensor
of nucleus i with the nuclear dipolar vector interconnecting
nuclei j and k, rj is the length of the dipolar vector, and 0} is
the angle between the nn-principal component of the o-tensor
and the dipolar vector. J(w,) is the spectral density function
describing the local magnetic field fluctuations at frequency w,.
The other symbols in eq 1 have the meaning of usual physical
constants: y; is the gyromagnetic ratio of nucleus i, y is the
vacuum permeability, and A is the reduced Planck constant.
The particular form of the J(w,) function depends on the
physical model of molecular motion. The spectral density
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function in eq 3 describes the ideal case of isotropic tumbling
of a rigid spherical molecule. The rate of this tumbling is
characterized by the autocorrelation time 7. which can be either
determined experimentally by fitting the NMR data (77, T,, and
heteronuclear NOE) or modeled theoretically with the methods
of molecular dynamics.*

The Ac®" essentially modulates the CCR rates (eq 1) via its
angular dependence, projecting the principal components of the
o-tensor onto the dipolar vector of a particular CSA—DD
mechanism.**~* The spectral density function J(w,) and the
magnetic field strength By can in that regard be considered as
constants. The CSA—DD cross-correlation therefore probes the
site-specific mutual orientation of the o-tensor and the dipolar
vector. This theoretical study models both effects that contribute
to modulation of the effective CSAs: the dependence of the
o-tensor on molecular geometry that is implicitly considered
in eq 2, and the projections of the o-tensor principal components
onto the dipolar vector. Although the latter effect is usually
dominant, the former effect can be also significant, and models
going beyond the so-called rigid tensor approximation are
therefore more reliable.*

The experimental detection of the CSA—DD cross-correla-
tions (generally involving three different nuclei A, B, C) requires
the development of two-spin coherences in the first step followed
by measurement of differential relaxation between the double-
and zero-quantum coherences.* The CCR rates usually cannot
be accessed directly since only the I'((A—BC) + I'(B—AC),
I'(B—AC) + I'(C—AB), and I'(C—AB) + I'(A—BC) terms are
observable. Therefore, in the most general case three indepen-
dent NMR experiments have to be performed from which the
three linked CCR rates can be extracted. However, if one of
the CCR rates is much smaller than the other (e.g., due to a
much smaller CSA value), it can be neglected and only one
NMR experiment is then sufficient for the actual CCR rate
determination. Further, in some cases the CCR rates can be
obtained even from one-dimensional (1D) NMR spectra (for
example, when only two different nuclei are involved as in the
case of the N—NHy cross-correlation).’’

We used the usual definition of the chemical shielding
anisotropy (CSA, Ao):

11 2
Ao = o — (#) @

where o™ are the o-tensor principal values defined such that
0¥ > 0% > o'l

Methods

The LALA molecule consists of two L-alanine residues.
Whenever unequivocal clarity was required, we used the indexes
“1” and “2” (Figure 1) to distinguish between the N-terminal
and the C-terminal residues of the LALA peptide, respectively.
However, in the text we often omit the indexes, as in the case
of the ¥ and ¢ backbone torsions.

The backbone conformation of the LALA is determined by
the 11, w,, and ¢, torsion angles (Figure 1). The values of the
o torsion angle are close to 180° in the majority of peptides
due to the partial s-character of the peptide bond. The only
geometry parameters describing the LALA backbone are thus
the 9 and ¢ torsion angles.

For the anionic (NH, and COO™ termini) and the cationic
(NH;" and COOH termini) forms of the LALA peptide both
the 1 and the ¢ torsion angles were varied with steps of 30°,
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Figure 1. Schematic representation of the LALA molecule in its
zwitterionic form with the indicated CSA—DD cross-correlated relax-
ation mechanisms between the anisotropy of o-tensor (ellipses) and
nuclear dipole—dipole vector (thick arrows).
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Figure 2. Localization of global (larger symbols) and local energy
minima calculated for the three forms of the LALA molecule with
respect to a-helix and -sheet regions.*$

and for each of the resulting 12 x 12 = 144 geometries all the
remaining coordinates were fully relaxed by energy minimiza-
tion. The calculations for the zwitterion (NH3;* and COO~
terminus) were performed with a larger step of 60°.4748

The calculations were carried out using the density functional
theory (DFT) method. The geometries and the NMR chemical
shielding tensors were obtained at the BPW913334/6-3114++G(d,p)*
and the GIAO B3LYP>7/IGLO-II*® level of theory, respectively.
The PCM dielectric model of water solvent was used consis-
tently in both geometry optimization and NMR calculations.
The Gaussian 03 program package®® was used in all quantum-
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chemistry calculations. The numerical evaluation of eq 2 was
carried out with the Matlab program package.

Results and Discussion

The ¢ and 1 backbone torsion angles are essential geometry
parameters for describing peptide conformation. Once their
values are determined in each residue along the peptide
backbone, the global structural characteristics of proteins, in
particular their fold, can be explicitly studied. From this point
of view, the assignment of CCR rates to backbone torsion angles
represents a rather versatile restraint, since in principle a plethora
of CSA—DD cross-correlated relaxation rates involving different
nuclei can be measured in oligopeptides and proteins.

The experimental accessibility of all CCR rates cannot be
automatically taken for granted only on the basis of the
calculated effective CSAs. For example, the rjk_3 factor (eq 1)
scales effectively down the CCR rates with longer dipolar
vectors, i.e., those with the dipolar interaction between atoms
that are not directly bonded. Also, the involvement of low-
gamma nuclei reduces the magnitude of cross-correlation effects.
Current experimental detection of the CCR rates in peptides
was therefore carried out for the dipolar vectors corresponding
to covalently bonded atoms (see the rpp column and references
in Table 2) and for the high-gamma nuclei preferentially. It
should be also mentioned that from the experimental point of
view the magnetization transfers necessary for detection of the
CCR rates with the atoms appearing in the CSA—DD mecha-
nism separated by more bonds can be rather inconvenient and
inefficient. Further, the spectral density function (eq 3) reflects
the specificity of molecular motions with respect to a given CCR
mechanism and its actual form together with the approximations
usually made can significantly alter the interpretation of
measured CCR rates.

We therefore found it useful to model the effective CSAs
for a certain class of the CSA—DD cross-correlations which
actually complemented the CCR rates that were measured in
recent experimental studies (as referenced in Table 2). The cross-
correlations studied in this work involved the amide nitrogen
and carbonyl carbon CSAs and the CyHai, CooHeuo, CoiHy,
CaZHN, NHN, NHal, NH(Q, CIHN, C,H(,J, and C,Huz dipolar
vectors (Figure 1). The dipolar vectors systematically included
the H, and Hy hydrogen atoms on one side and the backbone
C,, carbon, carbonyl carbon, and amide nitrogen on the other
side. These dipolar vectors possess characteristic orientations
with respect to the peptide backbone (Figure 1), and their lengths
range from 1.0 to 3.0 A. The calculated dependencies of the
Aoc®™ on the 1 and ¢ torsion angles for all three forms of the
LALA peptide (cation, zwitterion, and anion) can be found in
the Supporting Information.

Many aspects concerning the effective CSAs, and conse-
quently also the CCR rates, could be theoretically modeled and
analyzed. For practical applications to structural studies, a
smooth dependence of the Ac® on the assigned geometry
parameter(s) would be preferential. Even higher preference could
be given to the cross-correlations with notable 1D character of
the corresponding Ao, i.e. to those depending dominantly on
only one geometry parameter. Strong differentiation between
typical backbone conformation archetypes, such as o-helix and
[-sheet, would be another obvious advantage.

We analyzed the calculated Ao®™ values with such complex
criteria in order to determine whether (i) the o-helix and the
B-sheet conformers of the LALA peptide could be distinguished
due to sizable differences in the Ao values (Tables 1 and 2)
and (ii) the overall character of the Ac®" (1,¢) surfaces was
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Figure 3. Dependence of the chemical shielding anisotropies Aoy and Aoc on the 1, and ¢, backbone torsion angles calculated for the LALA

zwitterion.

TABLE 1: Geometry® and NMR* Parameters Calculated for the f-Sheet and o-Helix Backbone Conformation of the LALA

Peptide
B-sheet® o-helix®

anion zwitterion cation anion zZwitterion cation
3 [deg] 119 147 149 —=30 -30 -30
@ [deg] 210 207 239 —-90 -90 -90
on [ppm] 91.0 90.1 100.9 98.5 94.6 106.0
Aoy [ppm] 125.0 108.8 105.7 117.6 101.1 109.1
oc [ppm] -9.6 -0.2 —-1.5 —12.4 —-0.5 —-0.9
Aoc [ppm] 137.4 123.5 124.4 144.8 122.5 123.8

Ao [ppm]

CSA-DD
C'—CyHy —26.7 24.0 30.6 —32.3 5.9 1.7
C'—CypHu 32.7 447 2.6 —=3.7 12.1 21.0
C'—CqHy —107.9 —84.7 —94.6 —96.9 —88.6 —97.6
C'—CqHy —59.6 —=79.2 —170.8 —69.8 —69.8 —60.2
C’—NHy —18.4 —8.2 —-33 —31.5 0.0 2.7
C’—NHy, —93.1 —110.9 —108.3 —103.2 —102.4 —109.7
C’—NHg, —36.1 —53.4 —58.7 —56.8 —62.3 —48.0
C’'—C'Hy —48.6 —13.5 —17.7 —=51.1 —16.5 —23.1
C'—C'Hy —37.9 —57.3 —47.2 —99.3 —105.4 —109.6
C'—C'Hp —91.7 —101.4 —118.5 —96.6 —118.8 —112.6
N—CyHy —84.0 —96.5 —=79.6 83.4 62.7 74.4
N—CxHu —87.3 —69.1 —124.4 —121.7 —137.3 —112.2
N—Cy Hy 122.9 101.7 104.1 92.9 86.9 96.6
N—CgHy —118.7 —122.3 —129.8 —147.2 —136.0 —135.2
N—NHy —151.7 —154.5 —157.1 —181.7 —168.7 —154.0
N—NH; —26.7 —8.7 —13.7 96.0 94.7 103.5
N—NH,, —103.4 —91.2 —146.1 —154.2 —147.0 —137.0
N—C’'Hy 34 —18.2 —15.8 —32.6 —36.4 —17.2
N—C'Hy —158.5 —136.7 —138.7 60.1 72.0 71.5
N—C'Hpo 34.5 33.0 —8.1 —9.8 -3.6 1.6

@The isotropic NMR shielding ¢,*® the chemical shielding anisotropy Ao, and the effective chemical shielding anisotropy Ac* for the
CSA—DD cross-correlations. ” The geometries of global energy minima. ¢ Grid-point geometries close to the o-helix region (Figure 2).

generally suitable for the structural studies in peptides (Table
2, Figures 4—06).

The composition of the solvent environment at different pH
values clearly affects the backbone structure of the LALA
peptide.*® The protonation and deprotonation occurring at the
LALA termini thus represent large perturbations for NMR
properties.* The backbone geometry parameters calculated
previously for the global energy minima of the three LALA
forms unveiled that the zwitterion and cation forms are well
localized within the f-sheet region, while the anion potential
energy surface is rather flat along the ¥ dimension, allowing

thus transitions between the o-helix and (-sheet conformers
(Figure 2).*8 For the CSA—DD cross-correlated relaxation rates,
we implied that those CCR mechanisms which possessed a
rather stable structural dependence irrespective of the actual
protonation state could be also more resistant with respect to
similar structural perturbations occurring in terminal peptide
residues or in polar side chains.

The optimal values of the backbone torsions corresponding
to the global energy minima of the three LALA forms (the
p-sheet conformation) were site-specifically affected by the
protonation state (Table 1, Figure 2). The optimal values of
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TABLE 2: Summary for the Calculated Effective CSAs in the LALA Peptide
CSA-DD  A(Ac*™)*  A(rpp *Ac™?  Agg(Ao*™) Aug(rop *Ac™) rpp® Arpp/ surface® pH dependence” M’ N available NMR expts

C'—CyHa  200.1 146.1 18.1 13.5 1.1 14 vy ++ 3 1 refs 20 and 24/
C'—CpHap 1519 112.8 32.6 244 1.1 1.0 ¢ + 3 1

C'—CuHy 19.7 2.0 39 —0.4 26 146 2D C 31

C’—CqHy 38.7 4.8 —94 —0.9 2.1 6.7 2D C 31

C’—NHy 322 29.4 —8.2 -7.5 1.0 23 2D C 3 3 refs 37 and 46¢
C’'—NH, 47.9 4.5 —8.5 —3.4 29 311 vy ++ 3 1

C'—NHy, 107.6 12.5 9.0 1.2 2.1 39 ¢ ++ 3 1

C’—C'Hy 34.6 3.8 3.0 0.3 2.1 6.7 2D ++ 2 1 refs 37 and 46
C'—C'Hw 100.7 10.9 48.1 55 2.1 54 wy ++ 2 1

C'—C'Hyo 60.7 5.5 17.4 1.7 3.0 287 2D + 2 1

N—CuiHa 215.6 160.4 —159.2 —118.9 1.1 14 vy 0 3 1 ref 19
N—CpHq 2225 166.6 68.2 51.1 1.1 1.0 ¢ 0 31 ref 18

N—C, Hy 94.5 59 14.8 1.5 26 146 2D + 3 1

N—CgHy 62.3 59 13.8 1.6 2.1 6.7 2D (¢) + 31

N—NHy 72.1 69.2 14.3 15.1 1.0 23 2D 0 2 1 refs 37 and 46
N—NHg, 148.1 5.8 —103.4 —3.1 29 311 vy 0 2 1

N—NHg 274.9 31.6 55.7 6.6 2.1 39 ¢ 0 2 1

N—C'Hy 68.8 8.7 18.2 2.0 2.1 6.7 2D (¢) 0 3 3 refs 37 and 46¢
N—C'Hg 256.1 26.2 —208.7 —20.2 2.1 54 wy 0 3 1

N—C'Huo 141.8 5.0 36.6 2.0 30 2877 ¢ + 31

@ The maximal calculated difference between the maximum and minimum values on the Ac®" surface among the three forms of the LALA
peptide; A(Ac*™) [ppm]. » The maximal calculated difference between the maximum and minimum values on the rpp *Ac*" surface among the
three forms of the LALA peptide; A(pp *Ac™) [A™3 ppm]. The difference between the Aoc*™ values calculated for
the S-sheet and the a-helix conformation in the LALA zwitterion (Table 1); Aqs(Ao°™) [ppm]. ¢ The dltference between the rpp Ao values
calculated for the -sheet and the a-helix conformation in the LALA zwitterion (Table 1); Ags(rpp~ 3A0°) [A~3 ppm]. ¢ The average length of
the dipolar vector [A]. f The maximal deviation of the dipolar vector length on the (y,¢) grid relative to the average length; Arpp [%]. ¢ The
dominant structural dependence of the (1,¢) surfaces calculated for the Ao (Supporting Information) (the surfaces significantly modulated in
both dimensions are denoted “2D”). " Qualitative classification of the Acg®" surfaces variation between the three charged LALA forms (“+ +”
stands for “large”, “+” for “small”, “C” for “complex”, and “0” for “negligible”). ' The number of nuclei involved in the CSA—DD
cross-correlation. / The number of independent NMR experiments needed for the experimental detection of CCR rate. *Only the linked
I'(C’NHy) + T(N,C’Hy), I'(N,C’Hy) + T'(Hx,NC'), or I'(Hy,NC’) 4+ I'(C’ NHy) terms can be measured. / The inseparable term I'(C,,C’H,) was
considered to be negligible due to the small C,-CSA.

the 1 torsion angle obtained for the zwitterion and cation were
similar since the NH;™ terminus remained unchanged in these
two forms, while for the anion (the NH, terminus) ¥ increased
by ~20° (Table 1). Similar behavior was found for the ¢ angle;
the value calculated in the cation (COOH) was larger by ~30°
compared to both the anion and the zwitterion (COO™). These
backbone conformational changes were reflected by the values
of the amide nitrogen (o) and the carbonyl carbon (o¢)
isotropic shielding constants that had been analyzed in detail
previously*® (see also Table 1). Similar correlations could be
observed for the chemical shielding anisotropies Aoy and Aoc
(eq 4) with the exception of Aoy in the zwitterion, which was
closer to the value calculated for the cation (Table 1). The
calculated dependencies of Aoy and Ao on the ¥ and ¢
backbone torsion angles were significantly modulated in both
dimensions (Figure 3).

The Ao values calculated for the S-sheet and a-helix
conformers (Table 1) certainly provide an alternative approach
for the identification of the respective conformers in LALA
dipeptide and (due to the local character of NMR properties)
probably also generally in oligopeptides and proteins. Large
differences of the calculated Ac®" values between j-sheet and
a-helix could be considered as a qualitative indicator for their
possible distinguishing with the CCR rates (Tables 1 and 2). In
order to estimate the Ac® values in the a-helix conformation,
we used one of the grid points in a vicinity of that region (Table
1, Figure 2), while the geometries of global energy minima for
all LALA forms were used as models for the 3-sheet conforma-
tion. The calculated absolute Ac®" differences between the
B-sheet and o-helix conformations (IAqAc°) in the LALA
zwitterion spanned a relatively wide range: 3—48 ppm and
14—209 ppm for the cross-correlations involving carbonyl

carbon and amide nitrogen, respectively (Table 2). For the cross-
correlations that were recently probed experimentally (see the
references in Table 2), the IAuﬂAo“ffl absolute differences in the
LALA zwitterion were 18, 8, and 3 ppm (C'—Cy Hy;, C’'—NHy,
C’—C’Hy) and 160, 68, 14, and 18 ppm (N—CyHy1, N—CpoHyo,
N_NHN, N_C,HN)

The effective CSAs calculated for one backbone conformation
in the three LALA forms reflected the structural changes due
to different pH values in a similar way as calculated for the
isotropic shieldings*® and CSAs (Table 1). The Ao®T values
calculated in -sheet geometries for the C’—Cy Hy (zwitterion
and cation) and C’'—Cy,Ho (anion, zwitterion) cross-correlations
ranged over relatively narrow intervals (24—31 ppm and 33—45
ppm, respectively) compared to the C'—C, Hy,; effective CSA
in the anion (=27 ppm) and the C'—Cy,Hy effective CSA in
the cation (3 ppm) (Table 1).

The calculated Ac®" (1,¢) surfaces are rather universal since
they show overall trends which should be more or less valid in
peptides unless some larger effect perturbed the local nature of
this NMR parameter (for example, the proximity of an aromatic
ring or an additional charge). The dependencies of the Ac®"
(y,@) surfaces on pH can also help to estimate the stability of
a particular cross-correlation mechanism with regard to the
fluctuating total charge of a peptide molecule (Table 2). Global
characteristics of the (y,p) surfaces (Table 2), structural
variation of the calculated Ao values (Supporting Information),
and the ri° scaling (Table 2, Figure 6B) can provide a reliable
estimate for the conformational dependence of the CCR rates.

The magnitudes of CSA—DD cross-correlation effects are of
course very much dependent on the angular projections of the
o-tensor principal components on the particular dipolar vector (eq
2). In this sense, the CSA and the effective CSA can be regarded
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Figure 4. Dependence of selected Ac® on the 1, and ¢, backbone torsion angles calculated for the three forms of the LALA molecule and scaled
with the length of the dipolar vector. The cross-correlation mechanisms involved the carbonyl carbon o-tensor and the CyHy;, NHy, and C'Hy

dipolar vectors.

as two different linear combinations of the o-tensor principal values,
one with constant coefficients (eq 4) and the other with molecular
structure dependent coefficients (eq 2). The relative importance of
the angular projections in comparison to the variation of the
shielding tensor itself is thus immediately seen. The range of values
calculated for the Aoy and Ao CSAs on the (,¢) grid (Figure
3) was relatively small compared to the ranges calculated for the
effective anisotropies Ac®" (eq 2, Figure 6A, Supporting Informa-
tion), which were modulated specifically by the particular choice
of the DD vector. Moreover, the calculated (1,¢) surfaces of the
Aoy and Ao anisotropies possessing a significant “2D character”
(i.e., the dependence on both torsion angles, see Figure 3) could
have been smoothed or even may have lost their 2D character for
a suitable choice of the DD vector. Such effective CSAs are rather
attractive with regard to their direct structural interpretation (see
the surface classification in Table 2 and the Supporting Informa-
tion). Vice versa, the choice of the o-tensor may also have resulted
in a qualitatively different performance of the respective effective
CSAs for one dipolar vector (see, for example, the C’—C’Hy, and
N—C'Hg, effective CSAs in Table 2 and in the Supporting
Information).

The experimentally rather easily accessible N—NHy cross-
correlation is a particularly interesting parameter due to the amide
nitrogen being the CSA center and the origin of the DD vector.
The orientation of the DD vector with respect to the molecular
frame remained quite similar for all backbone conformations. The
N—NHy effective CSA therefore depended mainly on reorientation
and magnitude alteration of the nitrogen o-tensor principal com-

ponents upon variation of the backbone torsions. The calculated
(y.¢) surfaces of the N—NHy effective CSA (Supporting Informa-
tion) were thus significantly modulated in both 1 and ¢ dimensions
(Figure 5), similarly to the chemical shielding anisotropy Aoy of
the amide nitrogen (Figure 3). It should be however noted that in
the case of hydrogen bonding both the direction and length of the
NHy vector may vary considerably.

The AAG® values, i.e., the differences between maximum
and minimum of the calculated Ac®" on the whole (1,¢) surface,
were used to estimate the extent of the effective CSA modulation
by the variation of the two torsion angles. For the X—C,H, (X
=N, C’; a = al, a2) cross-correlations, the AAc*!" values were
large (Table 2, Figure 6A) and the Ao*™ (1,¢) surfaces depended
predominantly on the ¢ (X—Cy,Hgp) or 3 (X—Cy1Hgy) torsion
angles (Table 2, Supporting Information). These cross-correla-
tions thus appear to be well suited for the peptide structural
studies since they exhibit smooth and specific dependences on
the backbone conformation, which is at the same time notably
modulated (Table 2, Figures 4—6, and Supporting Information).

A somewhat lower applicability for the peptide structural studies
could be expected from the rest of the cross-correlations involving
the carbonyl carbon CSA. The 1A,sA0°M absolute differences were
mostly small (exceeding 20 ppm in only two cases; see Tables 1
and 2), and the corresponding surfaces had usually pronounced
2D character often combined with significant pH dependence
(Table 2) or shallow modulation (Figure 6A).

The effective CSAs involving the amide nitrogen o-tensor
performed significantly better. The calculated AAcT values
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were overall larger than those involving the carbonyl carbon CSA were more often dominated by only a single torsion, and
CSA (Figure 6). Also the (,¢) surfaces of the nitrogen effective their pH dependence was smaller (Table 2, Supporting Informa-
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tion). In addition to the four cross-correlations involving the
amide nitrogen CSA, which were probed in recent experimental
studies (references in Table 2), we found similar AAo®T
magnitudes for the N—NH, and N—C'H,, (o. = a1, o2) effective
CSAs. These cross-correlations might be also good candidates
for the structural studies in peptides, since they depend mostly
on a single torsion angle and their pH variation is negligible.

A comprehensive analysis of the calculated effective CSAs
that can be used for a reliable estimate of the CCR rates must
take into account their scaling with the length of the dipolar
vector (ry ° factor in eq 1, rpp* column in Table 2). The scaling
substantially reduced the Ac®" values for the cross-correlations
with longer dipolar vectors (Table 2, Figure 6B). The length of
the DD vector thus can be a rather limiting factor for the
experimental accessibility of the CCR rates. On the other hand,
the grid point dependent lengths of the investigated DD vectors
varied only up to 2.3, 6.7, and 31.1% (relative to the average
value) for the DD vectors shorter than 1.1, 2.1, and 3.0 ;A,
respectively (Table 2). Therefore, the calculated conformational
dependence of the studied effective CSAs should not be
significantly altered by the rpp > scaling. Several selected (1,¢)
surfaces of the scaled effective CSAs (Figures 4 and 5) can be
compared to the original Ac®" surfaces (Supporting Information).

The differences of the scaled Ac®" values calculated between
the f-sheet and a-helix conformers (Table 2) as well as the
scaled Ac®" ranges (Table 2, Figure 6B) were evaluated
consistently with the original effective CSAs. Significantly large
values of the scaled Ac*™ were obtained for the experimentally
probed C,_Cule, C,_NHN, N_CalHaly N_CagHuz, and
N—NHy cross-correlations (Table 2 and references therein,
Figure 6B). The C'—CyHyo, N—NHy,, and N—C’'Hy; cross-
correlations, for which an experimental reference was not
available, and which were theoretically modeled only in this
work, appeared after the scaling with similarly good prerequi-
sites for application in conformational studies of peptide
backbone as those CCRs already experimentally tested.

In particular, the C’'—CyHy cross-correlation had a range
of Ao values equivalent to its complement C'—Cy Hg,
involving the Cy;Hg; dipolar vector (Table 2, Figure 6B). While
the Ao calculated for the C’—Cq Hgy, cross-correlation de-
pended dominantly on the 1 torsion, the choice of the NHy
dipolar vector for the same CSA dramatically changed the shape
and other characteristics of the Ac®f surface (Figure 4, Table
2). Of the other cross-correlations involving the carbonyl carbon,
the C’—NHy was the only scaled Ac®" that still possessed a
relatively large range of values. However, the scaled Aog®"
surfaces were significantly modulated in both the 1 and the ¢
dimensions for all forms of the LALA molecule (Figure 4), and
the charge of the terminal groups also had a notable impact
(Figures 4 and 6B).

The cross-correlations involving the amide nitrogen CSA were
shown to be overall more suitable for peptide structural studies
than those involving the carbonyl carbon CSA. For a given
dipolar interaction, the range of the scaled Aco*™ values was
almost always larger for the N-DD type of cross-correlation
than for the C’-DD type (Table 2, Figure 6B). Such behavior
could have been expected from a well-known fact that the amide
SN CSA is larger than the carbonyl *C CSA.% Interestingly,
the scaled Ac®" (,¢) surfaces for the experimentally probed
N—CyHq; and N—Cy,Hyo cross-correlations'®!® were rather
smooth and depended almost exclusively on one backbone
torsion only. On the contrary, the scaled Ac®*!" surfaces for the
experimentally most convenient N—NHy cross-correlation'%-3746
were significantly modulated in both dimensions, which renders
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its structural interpretation difficult (Table 2, Figure 5), although
not unsuitable in the form of restraints.

The promising N—NH,, and N—C'H,,; cross-correlations,
which had not been reported previously, involved the amide
nitrogen CSA and relatively long DD vectors (rpp ~ 2.1 A,
Table 2). Although the calculated ranges of the scaled Ag®"
values were somewhat smaller compared to the experimentally
probed cross-correlations discussed above (Table 2, Figure 6B),
they exhibited a rather smooth dependence on only one of the
two backbone torsions (Table 2, Figure 5) and a negligible pH
variation. Moreover, the N—NH,, cross-correlation mechanism
involves only two nuclei, which is experimentally favorable.
These two cross-correlations probably represent the best per-
forming examples of the CSA—DD mechanism involving the
dipolar interaction between not directly bonded atoms.

The following cross-correlations, which were not yet mea-
sured, can be probably also considered useful for the peptide
backbone structural studies, namely because they depended
dominantly on a single torsion only: C'—NH,;, C'—NHgo,
C’—C’Hy1, N—NH,;, and N—C’H, (Table 2, Figure 6B). The
other cross-correlation mechanisms, among which the C’—C’Hy
and N—C’Hy experimentally probed CCRs can be counted,
possessed either a small range of the scaled Ac®" values on the
(y,p) grid, or the surfaces were modulated in both 1 and ¢
dimensions. Their usability in peptide structural studies is
therefore limited.

Conclusion

The calculated dependencies of the effective chemical shield-
ing anisotropies on the main backbone torsion angles ¥ and ¢
in the cationic, zwitterionic, and anionic forms of the L-alanyl-
L-alanine peptide were analyzed in order to assess the ap-
plicability of the corresponding cross-correlated relaxation rates
in structural studies of oligopeptides and proteins. The analysis
of the calculated effective CSAs was focused on the overall
character of their dependence on backbone conformation and
molecular charge, on their usability for distinguishing between
the f-sheet and a-helix backbone conformations, and on the
effect of scaling by the length of the dipolar vector.

The 20 cross-correlated relaxation mechanisms studied in this
work involved either the amide nitrogen CSA or the carbonyl
carbon CSA and dipolar vectors connecting a-carbon, carbonyl
carbon, or amide nitrogen to amide hydrogen or a-hydrogen.

The effective CSAs generally depend on both backbone
torsion angles, but for the X—C,H,, X—NH,, X—C'Hg;, and
N—C'Hyp (X =C/,N; a = al, a2) effective CSAs, a dominant
dependence on a single torsion angle was observed. The amide
nitrogen effective CSAs showed an overall clearer dependence
on only one of the two backbone torsions with a smaller
variation by the molecular charge compared to the carbonyl
carbon effective CSAs. The cross-correlations involving the
amide nitrogen also exhibited larger ranges of the effective CSA
values, which probably implies their better usability in peptide
structural studies.

By taking into account the length of the dipolar vector, a
more conclusive estimate of the cross-correlated relaxation rates
and their relative magnitudes was obtained. The cross-correla-
tions involving the dipolar vectors with a length corresponding
to a single covalent bond (X—CyHy, X—NHy; mpp ~ 1.1 A)
expectedly provided the largest calculated ranges of the scaled
effective CSAs. The complex analysis carried out for the
effective CSAs showed that the X—CyH, cross-correlations
probed in recent experimental studies'®"2%2* are best suited for
the determination of both 1 and ¢ peptide backbone torsion
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angles. The dipolar scaling damped down most of the other
investigated effective CSAs that would otherwise be also
attractive due to their large effective CSA ranges and dominant
dependence on a single torsion angle (namely the C'—NHy;,
C’—NH,,, C’—C’Hy;, N—NH,;, and N—C'Hy, effective CSAs).
Finally, the N—NH, and N—C’Hy; cross-correlations involving
the dipolar vectors of intermediate length (rpp ~ 2.1 A) were
classified as the most promising candidates for peptide backbone
structural studies, which should be probed experimentally in
the future. To assess the weaker cross-correlation effects
predicted in this paper reliably, highly sensitive experiments
and high accuracy of the measurements are a stringent require-
ment. The symmetrical reconversion schemes introduced by
Bodenhausen’s group*”!' provide valuable approaches for this.
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