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Abstract We performed density functional calculations
to examine the effects of solvation, hydrogen bonding,
backbone conformation, and the side chain on >N chem-
ical shielding in proteins. We used N-methylacetamide
(NMA) and N-formyl-alanyl-X (with X being one of the 19
naturally occurring amino acids excluding proline) as
model systems. In addition, calculations were performed
for selected fragments from protein GB3. The conducting
polarizable continuum model was employed to include the
effect of solvent in the density functional calculations. Our
calculations for NMA show that the augmentation of the
polarizable continuum model with the explicit water mol-
ecules in the first solvation shell has a significant influence
on isotropic '°N chemical shift but not as much on the
chemical shift anisotropy. The difference in the isotropic
chemical shift between the standard f-sheet and o-helical
conformations ranges from 0.8 to 6.2 ppm depending on
the residue type, with the mean of 2.7 ppm. This is in good
agreement with the experimental chemical shifts averaged
over a database of 36 proteins containing >6100 amino
acid residues. The orientation of the '>N chemical shielding
tensor as well as its anisotropy and asymmetry are also in
the range of values experimentally observed for peptides
and proteins.

L. Cai - D. Fushman - D. S. Kosov (D<)

Department of Chemistry and Biochemistry, University
of Maryland, College Park, MD 20742-2021, USA
e-mail: dkosov@umd.edu

L. Cai - D. Fushman ()

Center for Biomolecular Structure & Organization, University
of Maryland, 1115 Biomolecular Sciences Bldg (#296),
College Park, MD 20742-3360, USA

e-mail: fushman@umd.edu

Keywords Chemical shielding tensor -
Chemical shift calculation - Dipeptides - Solvent effect -
Nitrogen-15 - Density-functional calculation

Abbreviations

DFT  Density-functional theory
NMA N-methylacetamide

CSA  Chemical shift anisotropy

Introduction

Chemical shielding reflects electronic environment of
nuclei under observation and therefore contains important
information about molecular structure and conformational
dynamics. Detailed understanding of the sources of various
contributions to chemical shielding in proteins is not only
critical for our ability to predict chemical shifts and thus
facilitate NMR signal assignment, but also potentially
important for improvement in structure characterization of
proteins (Cornilescu et al. 1999; Lipsitz and Tjandra 2003)
and analysis of protein dynamics (Hall and Fushman 2006).

The past several decades of research have led to the
development of accurate theoretical methods and compu-
tational schemes for chemical shift calculations in peptides
and proteins (reviewed in (Shen and Bax 2007)). The
computational methods range from those that base on
empirical shielding surface (Wishart and Nip 1998) or
sequence homology (Wishart et al. 1997; Shen and Bax
2007) to those that use ab initio quantum mechanical (QM)
calculations (de Dios et al. 1993; Oldfield 1995; Xu and
Case 2001; Xu and Case 2002). The first-principle QM
calculations are very accurate, but their use requires sig-
nificant computational efforts and, therefore, is limited to
small peptides. Nevertheless, accurate QM calculations for
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small peptides are very important since they elucidate the
role of various chemical factors which determine and
control chemical shielding in proteins. QM chemical shift
predictions for '*C% *C*, and '*C’ in proteins are typically
more accurate than for >N (Xu and Case 2002). The main
reason is that '>N chemical shift is influenced by numerous
factors such as backbone torsion angles ¢ and , side-chain
torsion angle y;, hydrogen bonds, neighboring residue
types, and electrostatic interactions. This complexity
indeed makes accurate prediction of '°N shifts very chal-
lenging (Le and Oldfield 1996). An earlier quantum
chemical calculation (de Dios et al. 1993) of the N
shielding has been performed using protein fragments and
including electrostatic effects from the rest of the protein in
addition to intramolecular hydrogen bonding. However, to
our knowledge, bulk solvent effects have not been con-
sidered in chemical shielding calculations for proteins. It is
acknowledged that since solution NMR measurements in
proteins are typically conducted in the presence of water, a
highly polar solvent, the effects of bulk solvent molecules
can be crucial. To study solvent effects on chemical shifts,
one can utilize continuum models. A recent review
(Tomasi et al. 2005) points out two aspects important for
the applications of continuum models to QM studies of
chemical shifts. The first aspect is the perturbation effect of
the solvent on the electronic wave function of the solute
and the geometric distortion of the solute molecule. The
second aspect concerns the importance of both short-range
and long-range solute—solvent interactions in determining
the solvent effect on the nuclear shieldings. The current
concept is that short-range interaction can be effectively
handled by a number of explicitly treated solvent mole-
cules from the first solvation shell, while the long-range
effects can be described effectively by continuum methods.
Tomasi et al. also noted that because the characteristic time
scale in NMR spectroscopy is milliseconds and longer,
whenever explicit solvent molecules are used, it is neces-
sary to correctly account for the statistical picture inherent
in the dynamic nature of the solvation shell (picosecond
time scale). Recent years have seen continuum methods
being applied to study the solvent effect on chemical shifts
of small molecules (Mennucci et al. 2001; Mennucci and
Martinez 2005; Aidas et al. 2007). For example, Mennucci
and Martinez (2005) compared continuum-only descrip-
tion, discrete description in terms of solute—solvent
clusters, and mixed discrete/continuum description in order
to identify and characterize different aspects of solvation.

In this paper we report density-functional theory calcu-
lations for N-methylacetamide (NMA) to analyze in detail
the specific and bulk effects of the solvent water on '°N
chemical shielding. Figure 1a shows the chemical structure
of NMA. We then apply the continuum model in both
structure optimization and chemical shielding calculations
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of N-formyl-alanyl-X amides, where X is one of the 19
naturally occurring amino acids excluding proline. For each
compound, calculations were carried out for two backbone
conformations, corresponding to a standard o-helix (¢ =
—58°, y = —47°) and a standard f-sheet (¢ = —139°,
Y = 135°) respectively, with the latter illustrated for
N-formyl-alanyl-Ala in Fig. 1b. The results are compared
with the available experimental data as well as with the
previous approach that does not account for solvent effects.
We also compare the effect of polarizable continuum and
structure-related hydrogen bonding on '°N chemical
shielding for several residues from protein GB3.

Computational methods

All calculations reported in this paper were performed
using the GAUSSIANO3 suite of programs (Frisch et al.
2004). We use density-functional theory (DFT) with three-
parameter Becke-Lee—Yang—Parr (B3LYP) exchange-
correlation functional (Becke 1988; Lee et al. 1988; Becke
1993). The solvent is taken into account approximately, by
employing the conducting polarized continuum model
(CPCM) (Barone and Cossi 1998; Cossi et al. 2003) where
the solute molecule is placed into a cavity surrounded by
the solvent considered as a continuum medium with certain
dielectric constant. The charge distribution of the solute
polarizes the dielectric medium, which generates surface
charges around the cavity and hence in turn polarizes the
solute. In our calculations, the dielectric constant of water
(78.39) was used and the cavity was chosen to be built up
by the simple united atom topological model (UAQ), in
which the van der Waals surface was built by placing a
sphere around each solute heavy atom while hydrogen
atoms were enclosed in the sphere of the atom to which
they are bonded. The number of surface elements for
each sphere was 60, and an area of 0.2 A? was set for
each surface element. Gauge-invariant atomic orbitals
(GIAO) were employed to compute NMR properties
(Ditchfield 1974; Wolinski et al. 1990) as implemented in
GAUSSIANO3. We used the 6-311 4+ G(2d,p) basis set for
all our calculations except for the geometry optimization of
the dipeptides which was performed with the 6-31 + G(d)
basis set.

Results and discussion
NMA calculations: disentangling solvent contributions

NMA serves as a simple model representing the amide
linkage in proteins. It enables us to eliminate the confor-
mational complexity of peptides and to concentrate only on
the solvent’s influence on '°N chemical shielding. To this
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Fig. 1 Molecules considered (a)
in this study:

(a) N-methylacetamide (NMA);
(b) N-formyl-alanyl-X amide
(where X is alanine);

(¢) NMA with three water
molecules from the first
coordination shell;

(d) Illustration of the structural
model of a f-sheet fragment
(corresponding to Thr58 in
GB3) together with direct

(D) and indirect (I) hydrogen-
bonding partners, as well as
other hydrogen bonds in this
cluster included in the '°N
(Thr58) calculation

(c) i i)

end we performed a series of calculations for gas phase,
continuum-only model, and cluster-continuum model.
Figure 1c shows NMA with the first water coordination
shell represented by three water molecules that make direct
hydrogen bonds with NMA. The parameters used for these
models are shown in Table 1, and the results are presented
in Table 2.

To elucidate the role of various solvent effects we define

the following differences of the various chemical
shieldings:

Aaﬁfeom = JxMA*/vac - O—%MA_vac/vac (1)
Aaﬁlv = O-INVMA+3W/cont - O-xMA*/vac (2)
Aaxml = U%MA+3w/cont - G%MA_vac/vac 3)
Aaﬁgm = O-xMA* Jeont JAN/MA*/vac (4)
A 31/1 = O—%MA+3W/cont - G%MA*/cont (5)
A 33 = O—%MA+3W/vac - G%MA*/WJC (6)
A‘Tlcvozm = O—%MA-Hw/com - J%MAHW/W (7)

Here the subscripts in chemical shieldings consist of two
parts separated by a slash. The first part refers to the

(d)

Table 1 Bond lengths (in A) used for calculations in gas phase
(in vacuo), continuum-only, and cluster/continuum models for
N-methylacetamide

NMA_vac* NMA_cont® NMA + 3w°
NH bond 1.00 1.02 1.02
CN bond 1.36 1.35 1.33
CO bond 1.22 1.24 1.25

*NMA _vac refers to NMA’s molecular structure optimized in vacuum

® NMA_cont refers to NMA’s molecular structure optimized in con-
tinuum-only model

¢ NMA + 3w refers to the optimized structure of NMA and three
water molecules from the first coordination shell within the polarized
continuum model

geometry of the model and the second part indicates if the
chemical shift calculation for the given geometry is
performed in gas phase (vac) or in polarizable continuum
(cont). Three geometries have been employed in this
analysis: NMA_vac refers to the NMA molecule structure
optimized in vacuo; NMA + 3w refers to the optimized
structure of NMA and three water molecules from the first
coordination shell within the polarized continuum model,
NMA* refers to the molecular geometry obtained by
extracting NMA atoms from the NMA + 3w structure.
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Table 2 Characteristics of the calculated '>N chemical shielding tensor for N-methyl-acetamide using gas phase (in vacuo), continuum-only,
and cluster/continuum models

Model* It 62 % Oso CSA¢ 7 o Be y° Al Ab Af

NMA*/cont 18.69 157.75 207.13 127.86 —163.75 0.45 —0.78 18.04 0.48 89.52 0.57 89.70
NMA*/vac 44.40 149.81 220.00 138.07 —140.51 0.75 —0.93 17.31 0.53 89.47 0.60 89.74
NMA + 3w/vac 21.54 160.61 195.18 125.77 —156.35 0.33 —1.88 20.15 0.69 89.31 1.14 89.09
NMA + 3w/cont 7.33 163.13 185.61 118.69 —167.04 0.20 —2.10 20.47 0.62 89.38 1.46 88.68
NMA _vac/vac 38.59 148.55 229.03 138.72 —150.20 0.80 —0.37 17.14 —0.47 89.53 0.62 89.59
NMA _cont/cont 16.85 156.04 210.42 127.77 —166.38 0.49 0.24 18.24 0.02 89.98 0.02 89.99

* NMA_cont refers to NMA molecular structure optimized in continuum-only model
b Principal components (in ppm) of the 15N shielding tensor, ordered such that g;; < g2, < 033

¢ Tsotropic chemical shielding, gj, = tr(a)/3

d Anisotropy, CSA = g, — (02, + 033)/2, and asymmetry, 1 = (0, — 033)/(01] — 0js,) Of the chemical shielding tensor

¢ Euler angles (in degrees) determining the orientation of the principal axes of the chemical shielding tensor, defined as shown in Fig. 5

T A1, Ay, and A; are the angles between the normal to the peptide plane (defined by the peptide bond and the N;—Coz; bond) and the orientation of
the principal axes of the tensor corresponding to its principal components 711, 645, and 33, respectively

]

These Ao terms partition the solvent effects into several 0

] POX K :;}:.. T,
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NMA by the hydrogen-bonded water molecules and by 2 DX :5:5:5 3
. . . - BX5e XX, SeleTed
more distant water surrounding modeled by a continuum 2 'E:E:E PR oot
. . - 28 (X RS
reaction field. Ac¥, , accounts for the total shift due to both % —10 - R3] BRS% ::E:E:E::
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the geometrical distortions and the solvation. Our results = .:::1: E:E:E I::::::::
KA
(Fig. 2) show that Aog’wm, being —0.65 ppm as a = ,E:E:E :i:i: steiele
.. . C . o etelele I tetele:
deshielding effect, is small compared to the deshielding £ ] B
. . bt e
effect of solvation, Ac¢”, . which came out to be 2 _i5. 20X PR
solv? O ‘:‘:.
—19.38 ppm. Thus we conclude that the solvation is the ° K
.. . 15 . . g . [ SRR
dominating solvent effect in ~N chemical shielding in 2 toteted
KA
NMA. To further analyze the roles played by the three k} E:E:E
. KK
hydrogen-bonded water molecules and the more distant —20 - tofed
water reaction field, we tried to partition the solvation shift,
N N _ 1 N1 _ A N2 N2 .
Aa.mlv’ as Aasolv - Aaﬁlnt + AG3W - Ao-3w + Ao-cunt? with
the superscripts “1” and “2” representing two artificial
paths to account for the two sources of contributions. The —25

1 2 3 4 5 6 7
partitioned terms

two paths differ in the order in which the contributions
from explicit and continuum waters are taken into account,

see Eqgs. 3-7. For either path, the two contributions are
additive. As calculated, it is not possible to quantitatively
separate the contributions this way as Ad"! (—10.21 ppm)
and Ac¥2 (—7.08 ppm) are not equal, and by definition
neither are Ac)! (—9.17 ppm) and Ac}? (—12.30 ppm).
Although AcY takes on different values depending on
which water molecules (hydrogen-bonded or distant) are
considered first, it is qualitatively clear that the effect of the
bound water molecules on '°N chemical shielding in NMA
is at least as important as, if not more important than the
effect of the more distant water molecules. This is

@ Springer

Fig. 2 Partitioning of the '’N chemical shielding in NMA
into various contributions. The numbers 1-7 on the x-axis refer to
Egs. 1-7, respectively

understandable since hydrogen bonding is expected to
influence the electronic environment of '°N greatly in the
case of NMA with saturated hydrogen bonds.

We also applied a similar analysis to N chemical
shielding anisotropy (CSA) values obtained from NMA
calculations, namely:
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ACSAY = ACSAN!

solv cont

+ ACSALY! = ACSAL? + ACSAN?

cont?
(8)
with ACSAY!

M  being —23.24 ppm, ACSAY! —3.29 ppm,
ACSAY? —15.85 ppm, and ACSAYN?2 ~—10.69 ppm. This
clearly shows that the continuum-only model calculation
for NMA* yields >N CSA value that is already very close
to that for NMA clustered with three explicit waters in
continuum, since a further correction of —3.29 ppm
appears minor compared to —23.24 ppm. This suggests
that the continuum-only model will produce a smaller
relative error in the CSA values than in the isotropic
chemical shift.

We notice that in solvent, the NH bond (in the peptide
plane) and CO bond tend to stretch while the CN bond
becomes shorter (Table 1). This agrees with recent ab initio
and DFT calculations (Selvarengan and Kolandaivel 2004).
When the NH bond length was varied between its value in
vacuum and in NMA + 3w structure, with the other
structural parameters being optimized in the continuum-
only model, the '°N chemical shielding decreased as the
bond stretches (Fig. 3a), indicating a deshielding effect of
bulk water which tends to correlate well with the NH bond
length (Pearson’s Irl ~ 1.00). A similar linear correlation
exists between the '’N chemical shielding and CO bond
length in the continuum-only model (Fig. 3b). This is
similar to previously found correlations between '*C and
70 chemical shielding and bond length (Oldfield 2002;
Aidas et al. 2007). Our continuum-only calculations for
NMA showed that elongation of the NH bond by 0.02 A
results in reduction of '>N chemical shielding by 2.33 ppm
(~1.8%), and the elongation of the CO bond by 0.03 A
reduces this shielding by 3.92 ppm (~3.1%). The variation
of "N chemical shielding with the NH and CO bond
lengths (accompanied by corresponding changes in the
optimized geometry) is small compared to other nuclei
(Aidas et al. 2007) or "°N in a different chemical envi-
ronment (Manalo and de Dios 2002).

N-formyl-alanyl-X dipeptide calculations

All dipeptide structures, where appropriate, adopted y;
angles close to 180° after the geometry optimization, pro-
vided that the optimization started with such conformation.
This might not represent the global energy minimum of the
dipeptide though, since the energy barriers between the
rotameric conformations could hinder the side chain’s
rotation to its energy minimum during optimization.
The calculated '°N shielding tensors are shown in Tables 3
and 4.

We assume that the differences between the DFT-
calculated "N chemical shift and its true value are systematic
and depend only on the local electron density around the

B1

C))

g (ppm)

1807 *

I Shieldi

2 .

127 — T T T T T T T T T T
1000 1002 1004 1006 1008 1010 102 1014 10¥% 1018 1.020

NH bond length (Angstrom)

. (b)

ding (ppm)

128

- .

T

T T T T T T T
1221 1225 1229 1233 1237 1241 1245 1249
CO bond length (Angstrom)

Fig. 3 Isotropic "N chemical shielding in NMA as a function of (a)
the NH bond length and (b) the CO bond length

nitrogen. Therefore these deviations should be the same for
all nitrogens in the similar chemical environment. We
chose methylamine (CH;NH,) as a reference compound,
because it is the simplest molecule that has similar chem-
ical bonding structure for the amide nitrogen, and reliable
experimental >N chemical shielding in methylamine is
available. Then to cancel out possible systematic errors, the
chemical shift J,,,,, is computed as (Benzi et al. 2004)

Suampte = 00 — (5ommy, = o™ + a7, (9)
where  dsumpies Topmpre Tefer to the N-formyl-alanyl-X
amides under study; o, = 244.6 ppm is the absolute '°N
chemical shielding of liquid ammonia at 25°C (Jameson
et al. 1981); af;’ft is the experimental N chemical
shielding for methylamine, reported to be 249.5 ppm
(Cramer 2004) and o, = 237.9 ppm is the corresponding
theoretical chemical shielding computed at B3LYP/
6-311 4+ G(2d,p) level of theory.

Figure 4a, b shows the values of '°N chemical shift as a
function of the residue type for the o-helical and f-sheet
conformations of N-formyl-alanyl-X. The profile of '°N
chemical shift as a function of residue type (Fig. 4a, b)
agrees well with the statistically averaged experimental '°N
chemical shifts in the o-helices and f-sheets in proteins
(Wang and Jardetzky 2002). This indicates that a geometry-
optimized structure in a water continuum provides a good
model for chemical shifts in solution and the dynamics of
local waters are effectively averaged out. If we assume that
the available protein chemical shift database samples all
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Table 3 Characteristics of the calculated >N chemical shielding tensor for N-formyl-alanyl-X in the f-sheet conformation

X o1 on 033 Giso CSA n o B Y A Ay A;
Ala 3.53 138.49 186.69 109.57 —159.06 0.45 11.27 14.28 0.37 89.63 0.39 89.87
Arg 2.25 138.62 187.23 109.37 —160.67 0.45 11.26 14.14 0.63 89.37 1.3 88.86
Asn 2.85 137.41 188.14 109.47 —159.92 0.48 7.55 14.54 —0.10 89.9 5.04 84.97
Asp 0.88 140.71 187.78 109.79 —163.37 0.43 13.82 14.32 1.93 88.07 5.49 84.86
Cys 5.38 137.24 188.51 110.38 —157.49 0.49 11.13 14.27 0.93 89.07 1.68 88.6
Gln 3.23 138.72 186.82 109.59 —159.54 0.45 11.86 14.31 0.94 89.06 2.09 88.14
Glu 0.25 138.74 184.70 107.90 —161.47 0.43 12.62 13.88 1.41 88.59 2.59 87.83
Gly 21.16 146.76 204.87 124.26 —154.66 0.56 11.94 19.42 1.11 88.89 5.48 84.63
His 6.98 139.09 189.33 111.80 —157.24 0.48 10.46 15.29 0.11 89.89 0.32 89.7
Ile 2.27 140.95 192.71 111.98 —164.56 0.47 7.72 15.42 —2.40 87.6 7.89 82.49
Leu —0.66 137.87 184.63 107.28 —161.91 0.43 11.73 13.54 1.16 88.84 2.73 87.53
Lys 1.10 138.51 186.96 108.86 —161.64 0.45 9.45 13.88 0.30 89.7 247 87.55
Met 2.31 137.72 186.06 108.70 —159.59 0.45 8.22 14.20 —0.45 89.55 3.38 86.65
Phe 2.76 138.38 187.18 109.44 —160.02 0.46 9.95 14.32 0.39 89.61 1.76 88.29
Ser 13.46 141.82 197.46 117.58 —156.18 0.53 12.54 16.62 0.17 89.83 5.06 84.95
Thr 8.31 141.09 194.53 114.64 —159.5 0.50 7.35 15.96 —-3.38 86.62 6.12 84.9
Trp 2.55 137.72 185.95 108.74 —159.29 0.45 11.27 14.17 0.91 89.09 2.04 88.17
Tyr 2.83 138.48 186.78 109.36 —159.81 0.45 10.22 14.34 0.52 89.48 1.72 88.36
Val 1.99 140.89 192.46 111.78 —164.69 0.47 7.98 15.06 —1.88 88.12 8.73 81.48
Mean 4.39 139.43 189.41 111.08 —160.03 0.47 10.44 14.84 0.14 89.00 3.49 86.73
The meaning of all parameters and the units are the same as in Table 2

Table 4 Characteristics of the calculated '°N chemical shielding tensor for N-formyl-alanyl-X in the o-helical conformation

X 11 022 033 Oiso CSA n o B Y Ay Ay As
Ala 0.46 143.87 190.58 111.64 —166.76 0.42 —4.43 15.79 0.43 89.57 14.48 75.52
Arg 2.50 143.41 190.83 112.24 —164.62 0.43 —6.67 15.79 —0.64 89.36 15.55 74.47
Asn 3.51 146.59 192.11 114.07 —165.84 0.41 —6.78 16.17 —-0.79 89.21 15.99 74.03
Asp —0.20 144.06 189.24 111.03 —166.85 0.41 —5.46 15.85 —1.65 88.35 17.16 72.92
Cys 3.21 143.89 191.46 112.85 —164.46 0.43 —6.85 15.71 —0.69 89.31 14.27 75.75
Gln 2.69 143.39 190.37 112.15 —164.2 0.43 —8.37 15.79 —0.61 89.39 16.22 73.79
Glu —0.10 141.61 188.49 110.00 —165.15 0.43 —6.46 15.63 —0.50 89.50 15.91 74.10
Gly 20.93 169.27 192.37 127.53 —159.9 0.22 —26.40 18.64 —-1.29 88.71 31.83 58.21
His 2.55 148.34 192.67 114.52 —167.96 0.40 —11.22 15.86 —-1.72 88.28 15.83 74.27
Ile 7.37 146.24 185.33 112.98 —158.42 0.37 11.10 19.79 3.25 86.75 23.88 66.37
Leu —0.84 141.08 189.16 110.16 —166.02 0.43 —8.63 15.28 —1.35 88.65 16.08 73.98
Lys 1.96 143.49 190.40 111.95 —164.99 0.43 —5.67 15.74 —0.69 89.31 15.49 74.53
Met 2.07 143.46 189.978 111.84 —164.64 0.42 —8.71 15.60 —1.01 88.99 16.75 73.28
Phe —0.47 146.35 189.56 111.81 —168.42 0.38 —7.42 15.39 —1.59 88.41 15.87 74.21
Ser 13.53 157.75 191.78 121.02 —161.24 0.32 —11.63 16.78 —1.26 88.74 19.30 70.74
Thr 16.03 157.26 189.21 120.83 —157.2 0.30 9.27 19.20 4.50 85.5 18.22 72.38
Trp —-0.57 146.68 188.84 111.65 —168.34 0.38 —7.72 15.35 —-0.21 89.79 16.41 73.59
Tyr —0.49 146.58 189.29 111.79 —168.43 0.38 —6.70 15.39 —1.42 88.58 16.00 74.07
Val 7.36 144.05 186.21 112.54 —157.77 0.40 10.47 19.36 4.00 86.00 23.81 66.57
Mean 4.29 147.23 189.89 113.82 —164.27 0.39 —=5.70 16.48 —0.17 88.55 17.84 72.25

The meaning of all parameters and the units are the same as in Table 2
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possible configurations, then a particular residue type in a
particular secondary structure, averaged over the database,
ought to produce a reasonable mean isotropic chemical shift
for that residue in that secondary structure. Since our cal-
culation used standard co-helical and f-sheet conformations,
the isotropic chemical shifts we obtained may represent a
mean as well. In fact, by comparison, our calculations
overestimate the isotropic chemical shift by 2-3 ppm (on
average) for the a-helical conformation for most N-formyl-
alanyl-X amides (Fig. 4a), but no over- or underestimation is
obvious for the f-sheet conformation (Fig. 4b). Considering
the standard error associated with the statistical average, this
overestimation may be even less significant.

Now we turn our attention to the overall difference
between '°N chemical shifts for o-helical and S-sheet
conformations. We define the difference in '’N chemical
shifts between the standard f-sheet and o-helical confor-
mations as

ASX =% X (10)

struc sheet helix?

where X refers to one of the 19 amino acid residues. This
difference in our calculation ranges from 0.76 to 6.19 ppm
with an average of 2.74 ppm. Now we would like to
compare our results with the gas phase calculations of Poon
et al. (2004) who used the same dipeptide model but
without structure optimization and solvent. Their gas phase
calculations indicated that the difference in '’N chemical
shifts between the standard f-sheet and a-helix varies
between 13.2 and 24 ppm, with the average value of
15.8 ppm. Our calculation resulted in a greatly reduced
chemical shielding difference between the f-sheet and
o-helix, (Fig. 4c), which is now in agreement with the
results from the statistical analysis of a database containing
more than 6,100 amino acid residues in proteins, where this
difference ranged from 2.66 to 5.80 ppm with an average
of 3.74 ppm (Wang and Jardetzky 2002). A close exami-
nation shows that the biggest discrepancy between our
A% values and the experimental data is for threonine
(about 3.4 ppm, see Fig. 4c). However, it is well within the
range of statistical uncertainty in the protein database, and
we note that a variation in chemical shift due to side-chain
conformation can be up to ~5 ppm according to statistical
analysis for amino acids Val, Ile, Thr, Phe, His, Tyr, and
Trp (Wang and Jardetzky 2004), see also our calculations
below. This discrepancy may be well due to the fact that
side-chain configuration averaging is not considered in
our calculation. Figure 4c demonstrates that by applying
the continuum-only model the magnitude of Aéfmw is
reduced by ~ 13 ppm from that of Poon et al. (2004).
This reduction in the difference in shielding between the
two secondary structures is due to the different deshiel-
ding effects the bulk water has for the two backbone
conformations: the bulk water deshields '°N by ~ 18 ppm
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Identity of X in N—formyl—alanyl—X Amide

Fig. 4 Comparison of the isotropic 5N chemical shifts calculated in
this study (red) with gas phase calculations (black) (Poon et al. 2004)
and statistically averaged experimental data (blue) (Wang and
Jardetzky 2002) for each residue type. Panels (a) and (b) correspond

: . : X
to the o-helix and f-sheet conformations, respectively. (¢) Ady,,.,

the difference of the chemical shift values between the f-sheet and
a-helix conformations

in the a-helical conformation but only by ~5 ppm in the
extended conformation of the f-sheet. This can be qual-
itatively understood based upon the following
consideration. We considered the solvated dipeptide as a
molecule embedded in a cavity in bulk dielectric with the
dielectric constant of liquid water. The polarization of the
surrounding dielectric continuum by the electrostatic
potential of the dipeptide induces electric charges, which
are distributed on the surface of the cavity. The dipeptide
in the «-helical conformation is more “globular” and
compact than the dipeptide in the extended f-sheet con-
formation. Therefore, there are more cavity surface
charges in proximity to the amide nitrogen in the helical
conformation of the dipeptide than in the pf-sheet
conformation.
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As noted above in continuum-only calculation of NMA,
neglecting close-contact solvent can result in underesti-
mation by about 9 ppm of the deshielding effect of solvent
in the NMA model with saturated hydrogen bonds. Since
secondary structure elements in proteins are often hydro-
gen-bonded, it is important to know the magnitude of
possible underestimation for the '’N chemical shielding in
dipeptide caused by ignoring these (specific) interactions.
In order to assess this effect, we performed 5N chemical
shielding calculations for selected residues from protein
GB3. In these calculations, a fragment, C—Y—X-N, con-
taining the residue of interest (X) and its preceding residue
(Y) was taken directly from the crystal structure of GB3
(PDB code 11GD)(Derrick and Wigley 1994) and modified
by replacing the end atoms to become N-formyl-Y-X-NH,
(see Fig. 1d). In addition, in the case of o-helix, the side
chain of the residue preceding X was replaced with CHs.
The hydrogen-bonded residues (through the NH group of X
and, where applicable, CO group of the preceding residue)
were also taken from the GB3 structure (Fig. 1d) and
modified to become either CH;—CO-NH-CH(CH;)-CO-
NH-CH; or CH3—CO-NH-CH(CH3)-CO-NH-CH(CH3)-
CO-NH-CHj; (as detailed in Table 5). We then performed
chemical shift calculations in vacuum and in continuum for
the dipeptide alone and for this hydrogen-bonded cluster.
The results (Table 5) show that the dipeptide in continuum
model yields deshielding up to 15.3 ppm for «-helix and
9.5 ppm for f-sheet. Depending on the hydrogen bonding
geometry, the cluster in continuum calculation can further
deshield '°N by about 1 to 4 ppm. This suggests that the
polarizable continuum model can account for hydrogen
bonding in a realistic protein secondary structure and,
therefore, might be a reasonable first approximation for
computing "N chemical shielding.

The chemical shielding tensor contains a wealth of
potentially useful structural information, which could be
lost when the tensor is reduced to isotropic shielding.
Knowledge of individual components and orientation of
>N shielding tensor could be important for many NMR
applications, including accurate analysis of protein
dynamics from N relaxation data (e.g. (Hall and Fushman
2006; Fushman and Cowburn 2001)), TROSY-based
experiments and cross-correlation effects involving '°N
CSA (Fushman and Cowburn 1999), and the use of residual
>N chemical shift anisotropy upon molecular alignment
(e.g. (Lipsitz and Tjandra 2003)) as restraints for structure
refinement. It is therefore important to understand the
dependence of particular components of the '°N chemical
shielding tensor on solvent, side chain, and conformation.
In our calculations, the 15N CSA values (Tables 3, 4) fall in
the range of experimental values reported for proteins
(Tjandra et al. 1996; Fushman et al. 1998, 1999; Kroenke
et al. 1999; Cornilescu and Bax 2000; Kurita et al. 2003;
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Loth et al. 2005; Wylie et al. 2006; Wylie and Rienstra
2008). The difference in CSA values between the «-helix
and f-sheet (mean CSAs of —164.3 ppm and —160.0 ppm,
respectively) is consistent with the observations for ubig-
uitin (Cornilescu and Bax 2000) and GB1 (Wylie and
Rienstra 2008). It is worth pointing out that in our data this
difference arises primarily from ¢,,, which is systemati-
cally higher in a-helix (by 7.8 ppm on average), while the
other two components of the '°N shielding tensor (partic-
ularly ;) show a considerably smaller and less systematic
difference between the f-sheet and o-helix conformations
(see Tables 3, 4). The calculated 5N CSA values also
agree with the solid state NMR measurements in short
peptides (Hartzell et al. 1987; Oas et al. 1987; Hiyama
et al. 1988; Shoji et al. 1989; Mai et al. 1993; Wu et al.
1995). A good agreement with the experimental data is also
found for the angle § between the least shielded component
(011) of the BN shielding tensor and the NH bond. The
values of f§ obtained here, from 13.5° to 19.8°, are well in
the range of the experimental values (12°-24°) obtained by
different NMR techniques, both solution and solid-state
(Hartzell et al. 1987; Oas et al. 1987; Hiyama et al. 1988;
Shoji et al. 1989; Mai et al. 1993; Fushman et al. 1998;
Cornilescu and Bax 2000; Kurita et al. 2003; Loth et al.
2005; Hall and Fushman 2006; Vasos et al. 2006). There
seems to be a weak correlation between the f§ angle and
secondary structure, with slightly smaller angles for the
f-sheet than for the o-helix (mean f angles are 14.8° and
16.5°, respectively). This also agrees with the experimental
findings in GB3 (Hall and Fushman 2006) and ubiquitin
(Fushman et al. 1998).

Our calculations show a considerable spread in '>N CSA
values, from —154.7 ppm to —168.4 ppm, depending on
the residue type and the backbone conformation. This
range, however, is smaller than the 5N CSA dispersion
observed by solution NMR in ubiquitin and GB3 (Fushman
et al. 1998; Fushman et al. 1999; Kover and Batta 2001;
Hall and Fushman 2006) and by solid-state NMR in GB1
(Wylie et al. 2006; Wylie and Rienstra 2008). This likely
reflects the fact that these calculations do not take into
account the complexity of local electronic environment in
proteins, including interactions with neighboring atoms
(e.g. hydrogen bonding, charge and ring-current effects),
deviations of the backbone and side chain conformations
from those considered here, averaging by anisotropic
dynamics etc. Note, for example, that while the type of
amino acid residue X varied in our calculations, the torsion
angle y; was close to 180° (where applicable) for both
backbone conformations. In order to explore the effect of
side chain’s rotameric state on the '°N chemical shielding
tensor, we performed a set of calculations for glutamate
(X = Glu) in N-formyl-alanyl-X in the f-sheet conforma-
tion, in which the angle y; was fixed at —180°, —150°, 60°,
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Table 5 Isotropic '°N chemical shielding (in ppm) calculated for selected residues in GB3 using dipeptide in gas phase (in vacuo), dipeptide in
continuum-only, cluster in gas phase (in vacuo), and cluster in continuum models

Residue X* Conformation Dipeptide in vacuum Dipeptide in continuum Cluster in vacuum Cluster in continuum
Thr21 pB-sheet 133.20 123.74 133.29%¢ 122.60>¢
Thr23 pB-sheet 127.58 122.68 128.14°¢ 121.29°¢
Thr49 B-sheet 139.14 133.96 136.55>4 129.86™4
Thr58 B-sheet 124.78 118.73 122.27%F 114.56°¢
Lys33 a-helix 144.84 129.52 125.85%¢
Ala34 a-helix 135.51 125.88 128.68°° 123.49°°
GIn37 a-helix 134.33 125.21 125.73%¢ 121.37°°

? Residue numbering here corresponds to GB3 crystal structure (11GD)

® Only direct hydrogen-bonding partner exists
¢ Both direct and indirect hydrogen-bonding partners exist

d Hydrogen-bonding partner was modeled as CH;—CO-NH-CH(CH;)-CO-NH-CH3;

¢ Side chain of the previous residue was replaced by —CHs; the direct hydrogen-bonding partner was modeled as CH;~CO-NH-CH(CH3)-CO-
NH-CHj; and the indirect hydrogen-bonding partner as CH;—~CO-NH""-CH(CH5)-CO-NH-CH(CH;)-CO-NH-CH; (with NH® hydrogen-

bonded to the CO group of the residue preceding X in the dipeptide)

' This calculation was performed only with direct hydrogen-bonding partner

and —60° in the geometry optimization. The results showed
a significant variation in the anisotropy of the shielding
tensor (CSA = —161.38, —165.29, —164.94, and
—153.98 ppm, respectively), which is bigger than for the
isotropic  shielding (107.96, 105.91, 114.05, and
111.18 ppm, respectively). These results emphasize the
importance of side-chain conformation for the calculation
of the N shielding tensor, which could be one of the
reasons for the wider spread in the experimental >N CSA
values than that calculated here.

Also we notice that in the o-helical conformation,
valine, isoleucine, and threonine have particularly low
absolute >N CSA values. This can be due to the presence
of branched side chains in these residues that disturbed the
structure by tilting the NH bond out of the peptide plane by
about 13°. The effect could result from a particular com-
bination of the torsion angles (¢,,,) as it is not observed
in the ff-sheet conformation.

It is instructive to discuss the orientation of the indi-
vidual components of the '>N chemical shielding tensor.
The expectation from solid-state NMR measurements and
planar symmetry of the peptide bond (see e.g. Oas et al.
1987) is that the least shielded component (o;;) is lying in
the peptide plane and tilted by a small angle (see Fig. 5)
from the NH-bond, while the intermediate component, 7,5,
is orthogonal to the peptide plane. Interestingly, while the
least shielded component (oy;) of our calculated BN
chemical shielding tensor lies almost in the peptide plane
for all residues, independent of the backbone conformation,
the orientations of the other two components differ
between the two conformations (Tables 3, 4). Our calcu-
lations show that, in the f-sheet, g4, is almost orthogonal to

On

Coy

\ ______ / s
/ I1(’11:4 T >

Ca‘l 1

Fig. 5 Schematic illustration of the orientation of the principal
components of the N chemical shielding tensor with respect to the
peptide plane defined by C'-N-Co. oy is the least shielded
component, tilting out of the peptide plane by an angle y and
forming an angle  with the NH bond. a5, is the next least shielded
component and stands roughly perpendicular to the peptide plane. o33
is the most shielded component and lies approximately in the peptide
plane; the projection of NH bond onto the plane of o5, and o33 forms
an angle o with g33. This definition of the angles is taken from
(Brender et al. 2001)

the peptide plane (the biggest tilt is ~9° for valine), which
automatically places the most shielded component, 33,
close to the peptide plane. The deviations from “ideal”
picture are more dramatic for the «-helix. Here the a5,
component is tilted by as much as 32° for glycine and 24°
for valine and isoleucine, and the ¢33 component is also
significantly tilted away from the peptide plane. These
results demonstrate the effect of the backbone conforma-
tion on the orientation of the '°N shielding tensor.
Another important aspect is the asymmetry of the
shielding tensor, as it is often assumed (e.g. in "°N relax-
ation analysis) that the tensor is axially symmetric,
although solid state NMR data on short peptides indicated
that deviations from axial symmetry could be substantial
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(Oas et al. 1987; Hiyama et al. 1988). For the N-formyl-
alanyl-X examples considered here the asymmetry of the
5N shielding tensor, defined as

n= (02 —03)/(011 — Oio), (11)

ranges from 0.43 to 0.56 for the f-sheet and from 0.22 to
0.43 for the a-helix. The higher '°N shielding asymmetry in
the f-sheet conformation is consistent with the data
reported for ubiquitin (Cornilescu and Bax 2000). These
differences in the asymmetry of '°N shielding between the
two backbone conformations could be related to the dif-
ferences in the orientation of the tensor. The absolute
values of the asymmetry are somewhat higher than the
experimentally observed in solution (Cornilescu and Bax
2000; Loth et al. 2005) but comparable to solid-state NMR
data (Wylie et al. 2006), which likely reflects motional
averaging expected to be more pronounced in proteins in
solution.

Conclusions

To examine the effects of solvation, backbone conformation,
and the side chain on '°N chemical shielding in proteins, we
performed the density-functional theory calculations with
the polarizable continuum solvent model for NMA and
N-formyl-alanyl-X amides, where X is one of the 19 natu-
rally occurring amino acids excluding proline. The main
results of our calculations can be summarized as follows

e Solvent considered as the polarizable continuum model
with the explicit water molecules in the first solvation
shell has a considerable effect on the isotropic chemical
shift but not as much on the anisotropy of the chemical
shielding tensor.

e The calculations for the dipeptides demonstrated that
the averaged over all 19 types of residues difference in
isotropic >N chemical shifts between the standard
f-sheet and a-helical conformations is 2.7 ppm, in
good agreement with the experimentally observed
difference of 3—4 ppm in proteins.

e The orientation of the '°N chemical shielding tensor as
well as its anisotropy and asymmetry are overall in the
range observed for peptides and proteins. Our calcula-
tions show that for both backbone conformations, the
least shielded component, o, of the tensor lies appr-
oximately in the peptide plane and makes an angle of
13.5° to 19.8° with the NH bond. In the f-sheet, the
intermediate component, ¢,,, is almost orthogonal to
the peptide plane and the most shielded component,
033, lies almost in the peptide plane. However, in the
a-helix the g5, component is tilted by as much as 32°
for glycine and 24° for valine and isoleucine, and the
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033 component is also significantly tilted away from the
peptide plane.

e The anisotropy of the >N chemical shielding tensor
varies among amino acids in the range from —154.7 to
—168.4 ppm with the mean value of —160 ppm.

e The asymmetry of '°N chemical shielding tensor varies
from 0.43 to 0.56 for the S-sheet and from 0.22 to 0.43
for the a-helix.

e OQur calculations for selected fragments from protein
GB3 suggest that the polarizable continuum model
could serve as a reasonable approximation for the effect
of protein environment on '’N chemical shielding.

Acknowledgements Supported by NIH grant GM065334 to DF and
by American Chemical Society Petroleum Research Fund (44481-G6)
to DSK.

References

Aidas K, Mogelhoj A, Kjaer H, Nielsen CB, Mikkelsen KV, Ruud K,
Christiansen O, Kongsted J (2007) Solvent effects on NMR
isotropic shielding constants. A comparison between explicit
polarizable discrete and continuum approaches. J Phys Chem A
111:4199-4210

Barone V, Cossi M (1998) Quantum calculation of molecular energies
and energy gradients in solution by a conductor solvent model.
J Phys Chem A 102:1995-2001

Becke AD (1988) Density-functional exchange-energy approximation
with correct asymptotic-behavior. Phys Rev A 38:3098-3100

Becke AD (1993) Density-functional thermochemistry .3. the role of
exact exchange. J Chem Phys 98:5648-5652

Benzi C, Crescenzi O, Pavone M, Barone V (2004) Reliable NMR
chemical shifts for molecules in solution by methods rooted in
density functional theory. Magn Reson Chem 42:S57-S67

Brender JR, Taylor DM, Ramamoorthy A (2001) Orientation of
amide-">N chemical shift tensors in peptides: a quantum
chemical study. J] Am Chem Soc 123:914-922

Cornilescu G, Bax A (2000) Measurement of proton, nitrogen, and
carbonyl chemical shielding anisotropies in a protein dissolved
in a dilute liquid crystalline phase. ] Am Chem Soc 122:
10143-10154

Cornilescu G, Delaglio F, Bax A (1999) Protein backbone angle
restraints from searching a database for chemical shift and
sequence homology. J Biomol NMR 13:289-302

Cossi M, Rega N, Scalmani G, Barone V (2003) Energies, structures,
and electronic properties of molecules in solution with the
C-PCM solvation model. J Comput Chem 24:669-681

Cramer CJ (2004) Essentials of computational chemistry: theories and
models. Wiley

de Dios AC, Pearson JG, Oldfield E (1993) Secondary and tertiary
structural effects on protein nmr chemical-shifts—an abinitio
approach. Science 260:1491-1496

Derrick JP, Wigley DB (1994) The 3Rd Igg-binding domain from
streptococcal protein-G—an analysis by X-ray crystallography of
the structure alone and in a complex with fab. J Mol Biol
243:906-918

Ditchfield R (1974) Self-consistent perturbation-theory of diamagne-
tism .1. Gauge-invariant Icao method for nmr chemical-shifts.
Mol Phys 27:789-807

Frisch MJ, Trucks GW, Schlegel HB, Scuseria GE, Robb MA,
Cheeseman JR, Montgomery JA, Vreven T, Kudin KN, Burant



J Biomol NMR (2008) 41:77-88

87

JC, Millam JM, lyengar SS, Tomasi J, Barone V, Mennucci B,
Cossi M, Scalmani G, Rega N, Petersson GA, Nakatsuji H, Hada
M, Ehara M, Toyota K, Fukuda R, Hasegawa J, Ishida M,
Nakajima T, Honda Y, Kitao O, Nakai H, Klene M, Li X, Knox
JE, Hratchian HP, Cross JB, Adamo C, Jaramillo J, Gomperts R,
Stratmann RE, Yazyev O, Austin AJ, Cammi R, Pomelli C,
Ochterski JW, Ayala PY, Morokuma K, Voth GA, Salvador P,
Dannenberg JJ, Zakrzewski VG, Dapprich S, Daniels AD, Strain
MC, Farkas O, Malick DK, Rabuck AD, Raghavachari K,
Foresman JB, Ortiz JV, Cui Q, Baboul AG, Clifford S,
Cioslowski J, Stefanov BB, Liu G, Liashenko A, Piskorz P,
Komaromi I, Martin RL, Fox DJ, Keith T, Al-Laham MA, Peng
CY, Nanayakkara A, Challacombe M, Gill PMW, Johnson B,
Chen W, Wong MW, Gonzalez C, Pople JA (2004) Gaussian 03,
Revision C.02, Gaussian, Inc., Wallingford, CT

Fushman D, Cowburn D (1999) The effect of noncollinearity of N-15-
H-1 dipolar and N-15 CSA tensors and rotational anisotropy on
N-15 relaxation, CSA/dipolar cross-correlation, and TROSY.
J Biomol NMR 13:139-147

Fushman D, Cowburn D (2001) Nuclear magnetic resonance relax-
ation in determination of residue-specific N-15 chemical shift
tensors in proteins in solution: Protein dynamics, structure, and
applications of transverse relaxation optimized spectroscopy. In:
James T, Schmitz U, Doetsch V (eds) Methods in enzymology.
Nuclear magnetic resonance of biological macromolecules, Pt B
339:109-126

Fushman D, Tjandra N, Cowburn D (1998) Direct measurement of
N-15 chemical shift anisotropy in solution. J Am Chem Soc
120:10947-10952

Fushman D, Tjandra N, Cowburn D (1999) An approach to direct
determination of protein dynamics from 'N NMR relaxation at
multiple fields, independent of variable SN chemical shift
anisotropy and chemical exchange contributions. J Am Chem
Soc 121:8577-8582

Hall JB, Fushman D (2006) Variability of the '°N chemical shielding
tensors in the B3 domain of protein G from >N relaxation
measurements at several fields. Implications for backbone order
parameters. ] Am Chem Soc 128:7855-7870

Hartzell CJ, Whitfield M, Oas TG, Drobny GP (1987) Determination
of the "N and '*C chemical-shift tensors of L-['*C]Alanyl-L-
["°N]Alanine from the dipole-coupled powder patterns. J Am
Chem Soc 109:5966-5969

Hiyama Y, Niu CH, Silverton JV, Bavoso A, Torchia DA (1988)
Determination of '°N chemical-shift tensor Via 'N-H dipolar
coupling in Boc-Glycylglycyl['"N]Glycine Benzyl Ester. I Am
Chem Soc 110:2378-2383

Jameson CJ, Jameson AK, Oppusunggu D, Wille S, Burrell PM,
Mason J (1981) "N Nuclear magnetic shielding scale from gas-
phase studies. J Chem Phys 74:81-88

Kover KE, Batta G (2001) Separating structure and dynamics in CSA/
DD cross-correlated relaxation: a case study on trehalase and
ubiquitin. J] Magn Reson 150:137-146

Kroenke CD, Rance M, Palmer AG (1999) Variability of the '*N
chemical shift anisotropy in Escherichia coli ribonuclease H in
solution. J Am Chem Soc 121:10119-10125

Kurita J, Shimahara H, Utsunomiya-Tate N, Tate S (2003) Measure-
ment of ">N chemical shift anisotropy in a protein dissolved in a
dilute liquid crystalline medium with the application of magic
angle sample spinning. J Magn Reson 163:163-173

Le HB, Oldfield E (1996) Ab initio studies of amide-N-15 chemical
shifts in dipeptides: applications to protein NMR spectroscopy.
J Phys Chem 100:16423-16428

Lee CT, Yang WT, Parr RG (1988) Development of the colle-salvetti
correlation-energy formula into a functional of the electron-
density. Phys Rev B 37:785-789

Lipsitz RS, Tjandra N (2003) "*N chemical shift anisotropy in protein
structure refinement and comparison with NH residual dipolar
couplings. J Magn Reson 164:171-176

Loth K, Pelupessy P, Bodenhausen G (2005) Chemical shift
anisotropy tensors of carbonyl, nitrogen, and amide proton
nuclei in proteins through cross-correlated relaxation in NMR
spectroscopy. J Am Chem Soc 127:6062-6068

Mai W, Hu W, Wang C, Cross TA (1993) Orientational constraints as
3-dimensional structural constraints from chemical-shift anisot-
ropy—the polypeptide backbone of gramicidin-a in a lipid bilayer.
Protein Sci 2:532-542

Manalo MN, de Dios AC (2002) An ab initio study of solvent polarity
and hydrogen bonding effects on’ the nitrogen NMR shieldings
of N,N-dimethylacetamidine. Magn Reson Chem 40:781-785

Mennucci B, Martinez JM (2005) How to model solvation of
peptides? Insights from a quantum mechanical and molecular
dynamics study of N-methylacetamide. 2. >N and '’O nuclear
shielding in water and in acetone. J Phys Chem B 109:
9830-9838

Mennucci B, Martinez JM, Tomasi J (2001) Solvent effects on
nuclear shieldings: Continuum or discrete solvation models to
treat hydrogen bond and polarity effects? J Phys Chem A
105:7287-7296

Oas TG, Hartzell CJ, Dahlquist FW, Drobny GP (1987) The amide
N chemical-shift tensors of 4 peptides determined from '*C
dipole-coupled chemical-shift powder patterns. J Am Chem Soc
109:5962-5966

Oldfield E (1995) Chemical-shifts and 3-dimensional protein struc-
tures. J Biomol NMR 5:217-225

Oldfield E (2002) Chemical shifts in amino acids, peptides, and
proteins: from quantum chemistry to drug design. Annu Rev
Phys Chem 53:349-378

Poon A, Birn J, Ramamoorthy A (2004) How does an amide-"°N
chemical shift tensor vary in peptides? J Phys Chem B
108:16577-16585

Selvarengan P, Kolandaivel PG (2004) Molecular modeling of
dipeptide and its analogous systems with water. ] Mol Model
10:198-203

Shen Y, Bax A (2007) Protein backbone chemical shifts predicted
from searching a database for torsion angle and sequence
homology. J Biomol NMR 38:289-302

Shoji A, Ozaki T, Fujito T, Deguchi K, Ando S, Ando I (1989) BN
NMR Chemical-shift tensors and conformation of some
!5N-labeled polypeptides in the solid-state. Macromolecules
22:2860-2863

Tjandra N, Szabo A, Bax A (1996) Protein backbone dynamics and
>N chemical shift anisotropy from quantitative measurement of
relaxation interference effects. ] Am Chem Soc 118:6986—-6991

Tomasi J, Mennucci B, Cammi R (2005) Quantum mechanical
continuum solvation models. Chem Rev 105:2999-3093

Vasos PR, Hall JB, Kummerle R, Fushman D (2006) Measurement of
SN relaxation in deuterated amide groups in proteins using
direct nitrogen detection. J Biomol NMR 36:27-36

Wang YJ, Jardetzky O (2002) Probability-based protein secondary
structure identification using combined NMR chemical-shift
data. Protein Sci 11:852-861

Wang YJ, Jardetzky O (2004) Predicting "N chemical shifts in
proteins using the preceding residue-specific individual shielding
surfaces from phi, psi(i—1), and chi(1) torsion angles. J Biomol
NMR 28:327-340

Wishart DS, Nip AM (1998) Protein chemical shift analysis: a
practical guide. Biochem Cell Biol 76:153-163

Wishart DS, Watson MS, Boyko RF, Sykes BD (1997) Automated H-1
and C-13 chemical shift prediction using the BioMagResBank.
J Biomol NMR 10:329-336

@ Springer



88

J Biomol NMR (2008) 41:77-88

Wolinski K, Hinton JF, Pulay P (1990) Efficient implementation of
the gauge-independent atomic orbital method for NMR chem-
ical-shift calculations. J Am Chem Soc 112:8251-8260

Wu CH, Ramamoorthy A, Gierasch LM, Opella SJ (1995) Simulta-
neous characterization of the amide '"H chemical shift,lH—15N
dipolar, and '°N chemical-shift interaction tensors in a peptide-
bond by 3-dimensional solid-state NMR-spectroscopy. J Am
Chem Soc 117:6148-6149

Wylie BJ, Franks WT, Rienstra CM (2006) Determinations of N-15
chemical shift anisotropy magnitudes in a uniformly N-15, C-13-
labeled microcrystalline protein by three-dimensional magic-

@ Springer

angle spinning nuclear magnetic resonance spectroscopy. J Phys
Chem B 110:10926-10936

Wylie BJ, Rienstra CM (2008) Multidimensional solid state NMR of
anisotropic interactions in peptides and proteins. J Chem Phys
128:052207

Xu XP, Case DA (2001) Automated prediction of N-15, C-13(alpha),
C-13(beta) and C-13' chemical shifts in proteins using a density
functional database. J Biomol NMR 21:321-333

Xu XP, Case Da (2002) Probing multiple effects on '°N, '*C alpha,
13C beta, and '*C’ chemical shifts in peptides using density
functional theory. Biopolymers 65:408-423



	Density functional calculations of 15N chemical shifts in solvated dipeptides
	Abstract
	Introduction
	Computational methods
	Results and discussion
	NMA calculations: disentangling solvent contributions
	N-formyl-alanyl-X dipeptide calculations

	Conclusions
	Acknowledgements
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


