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This paper describes a methodology that correlates experimental chemical shifts (at the alpha proton)
of proteins with their geometrical data (both dihedral angles and distances) obtained from 13
representative proteins, which are taken from the Protein Data Bank (PDB) and the BioMagRes Data
Bank (BMRB). To this end, the experimentally measured proton chemical shifts of simple amides have
been correlated with DFT-based calculated structures, at the B3PW91/6-31G* level. This results in a
series of mathematical relationships, which are extrapolated to the above-mentioned proteins giving rise
to a modified equation for such skeleta. It is relevant to note that the equation is also supported by a
clear comparison with NMR data of a protein beyond the chosen set, such as insulin, even with lower
errors. The model also relates the dependence of chemical shifts on hydrophobic and anisotropic effects

at the amino acid residues.

Introduction

Peptides and proteins constitute ubiquitous chemicals, which
represent equally the clue for life’s origin, both catalyzing and
promoting a wide range of biological processes that include cell
signaling, adhesion, or differentiation to name a few. Certainly
the current challenge in the post-genomic age is to identify the
structural aspects and functions of all the encoded proteins and
this hard work benefits from collaborative high-throughput efforts
between X-ray crystallography and NMR techniques for small
protein structure determination.! Protein data banks such as PDB?
and BMRB? collect data from both diffraction-quality crystals
and NMR screening, although a significant number of proteins
are amenable only to one technique. Traditionally, methods aimed
at determining protein structures use NOE-derived distances
with observed and computed chemical shifts.* As recognized by
Oldfield in an authoritative revision, simply being able to predict
chemical shifts and chemical shift tensors in amino acids, peptides,
and proteins is, in and of itself, of some interest.* And it might be
more useful to use experimental chemical shifts to determine or
refine further aspects of peptide structure and dynamics.

With impressive progress on high-resolution multidimensional
NMR spectroscopy at a breathtaking pace, the earliest protein
investigations using the 'H nucleus have largely been comple-
mented by the routine measurement of other nuclei (mostly *C
and “N) to obtain reliable information for all backbone and side-
chain torsional angles.® Since the Achilles’ heel of protein NMR
is associated with both size and time barriers, complementary
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techniques that include, among others, isotopic labelling of
proteins,” recursive multidimensional decomposition (R-MDD)
to speed recording,® measurements on the pico- to nano-second
time scale, and residual dipolar couplings,® are being employed in
conjunction with chemical shift data to predict the most likely local
structures as well as conformational preferences of amino acid
and peptide residues, which appear to play key roles in biological
function' and degenerative diseases.!

In this investigation we have carried out a systematic study
that correlates geometrical data from DFT calculations and
experimental &y values in protein structures. To address this issue
we have constructed the simplest structural model of the peptide
bond showing the dependence of the magnetic anisotropy caused
by the amide function on distances and torsional angles that can be
easily assessed. Overall, this leads to a series of computed chemical
shifts values for the C(=0O)-N-CH protons that consistently
reproduce experimental values obtained for proteins. Based on
this analysis, this work proposes a relatively simple empirical
formula that accurately reproduces proton chemical shifts using
optimized geometries. The predictive value has been tested with
a representative number of naturally-occurring proteins and, in
addition, such shifts also evidence key relationships with other
features, such as the electronic and hydrophobic character of the
backbone amino acid.

The paper is organized in different sections, first describing the
computational methodology, the approach employed to construct
the model based on previous studies with secondary amides, and
finally application to protein structures chosen from protein data
banks.

Results and discussion
Structure model and general considerations

For proteins the position of the RCH framework is flanked
by two neighboring amido groups having a distinctive chemical
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environment. The aforementioned CH protons should thus un-
dergo magnetic deshielding caused by the two amide functional
groups. As depicted in Fig. 1 the conformational arrangement
of such a peptide bond can be described by a series of torsional
angles and nonbonded distances, which in turn define the rotamer
states about each of the two amide groups involved. It should
be firstly noted that the notation employed for such structural
parameters has been arbitrarily chosen for the purpose of this
work and should not be confused with the standard nomenclature
coined for the torsion angles in protein skeleta.'
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Fig. 1 Distances (d, d’) and dihedral angles « (virtual, O=C---C-H)
and y taken in this work.

In previous works,'>!* we have evaluated the chemical deshield-
ing caused by the amide function (O,pne.) on C(=0)-N-CH
protonsin 15 secondary amides, which can accurately be correlated
with DFT-based structures. Thus, we found not only that the anti
disposition between the CH proton and the N-H bond appears
to be the more stable conformation of simple amides, thereby
clarifying previous contradictory spectroscopic and theoretical
data, but also that there is a systematic dependence of the
deshielding and therefore of the experimental chemical shift (vide
infra) on the torsion angle and the distance between the shifted
proton and the oxygen atom, through the optimized expression
(1), which is suitable for estimations in CDCl;, DMSO-d, and
D,0 solvent systems:™*

GH:a+2.16cosz[a_T35] (1)

where a represents a solvent-dependent parameter, o is the
dihedral angle O=C - - - C-H and d the distance between the shifted
proton and the carbonyl oxygen atom (Fig. 1). One should note
that in the above expression chemical deshieldings can be fit to
a cos’ function, in a similar way to Karplus-like equations for
spin—spin coupling constants, whose structural dependencies have
been recently investigated by DFT methods too.” In addition,
a similar cos® function appears on the classical McConnell
equation,'® one of the first attempts to calculate proton shifts based
on magnetic anisotropies, although their core parameters (the
magnetic anisotropy as a component of the magnetic susceptibility
tensor and the distance between the shifted atom and the center
of the anisotropic group) are not easily evaluated.

In following a similar methodology,"*'* other additional sec-
ondary amides, which include acetamides, propionamides, isobu-
tyramides, and 2-phenylpropionamides (Fig. 2) have also been
investigated by means of B3PW91/6-31G* calculations."” The
preferential conformational arrangement of such structures is
invariably a Z,,, ... disposition as shown in Fig. 3.
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Fig.3 Arrangement of anti and gauche protons in a Z,,,; .. structure.

Likewise, the experimental chemical deshieldings caused by
the amide function on the protons linked to the carbon atom
vicinal to the carbonyl group, N-C(=0)-CH, can be easily
determined. Such deshieldings are denoted as 0, to distinguish
them from those on the C(=0)-N-CH protons (O ,mie.)-* Again,
the well-known Shoolery relationship (2)*® provides an additive
dependence of chemical shifts on the different anisotropies of
vicinal groups:

Ocuxyz = 0.23 + 0x + Oy + Oy @)

where one of the adjacent atoms or groups is —C(=0)-N, the amide
function:

O-’amide = éobs7(0'23 +O0x + GY) (3)

This equation enables the calculation of 0’4 anisotropies
based on published data for ox and oy, provided that the
corresponding proton chemical shift is known.

Furthermore, it is convenient to consider that the observed
peaks in proton NMR spectra would correspond to an average of
anti and gauche protons at the CH carbon atom, and accordingly:

O-l

amide

_ O ani F(n-1) O auche 4)
n n
where n is the number of protons on the CH carbon atom.

Since the preferential conformation found is Z,,; .., amides
with only one proton on CH (10-15) would have no gauche
protons (n = 1) and therefore ¢”,,; = 0 .mq. in that particular
case. Afterwards, we decided to take the average of these ¢’,,;
values as o’,,,; for amides where n > 1, allowing us to calculate
O guene DY €qn (4) (see Table S1 in the ESIT).

Having determined chemical deshieldings (generically o’y), it
is possible to find a relationship with geometrical data obtained
previously by DFT-methods as shown in Fig. 4, which depicts a
good correlation with the y dihedral angle (O=C-C-H):

Our data fitted to a third-order polynomial which resembles
the cos?/2 function. Thus, a further linear relationship [eqn (5)]
with a regression coefficient of * = 0.97 (Fig. 5) could equally be
established:
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Fig. 4 Plot of chemical deshieldings (0’y, ppm) in CDCl; versus v
dihedral angles for amides 1-15.
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Fig. 5 Linear relationship between ¢’y and the function cos’[(y —
10)/2]/d’ in CDClI; for amides 1-15.

6y =074+171

cos’(y —10)/2 )
d!

where d” is the distance between the shifted proton and the
carbonyl oxygen atom.

Similar plots were obtained for such amides in DMSO-d; and
D,O (see Fig. S1 and S2 in the ESI¥), although their regression
coefficients were lower (Table 1) because o values estimated by
Shoolery correlations have been parametrized for CDCl; only.'
This effect can be expressed quantitatively by means of eqn (6),
where ¢ and e are solvent-dependent parameters, in a similar way
asaineqn (1):

ecosz(l// —10)/2

6
-~ ©)

o'y=c+

One should, in addition, bear in mind that solvation (not
considered in the present study) can also stabilize conformers
which are not stable in the gas phase. In this context, a series
of recent studies have been focused on the alanine dipeptide using
different solvent models, which are able to reproduce and interpret
vibrational and Raman spectra in aqueous solution.' Moreover,
structural modifications may also lead to inconsistencies in both

Table 1 Parameters for eqn (6)

Solvent c e 7

CDCl, 0.74 1.71 0.97
DMSO-d; 0.74 0.70 0.65
D,O 0.89 0.75 0.63

gas-phase calculations and simple continuum models, such as in
the zwitterionic species of the L-alanine amino acid.’*

Peptide bond correlations

We have obtained the necessary equations to calculate deshieldings
on both sides of the amide function. One can assume a Shoolery
relationship for —-C(=0)-N-CHR-C(=0)-N-protons located in
the main chain of a protein skeleton, [eqn (7)]:

6=023+0r +04+0'y @)

where oy represents the chemical deshielding influenced by the

amino acid residue. Substituting oy and 0’y by means of eqn (1)
and (6), eqn (7) now becomes:

§=0.23+a+c+ 0, +bcos’

(a—25)+e
d

,(y—10)/2
cos - ®)

Finally, and assuming that peptides are usually studied in an
aqueous environment, the appropriate values for D,O give rise to
eqn (9) that correlates the chemical shift of a given CH proton
with geometrical data:

§=2.87+0, +1.32cos’

@ 4+ 0.75cos

> (y —10)/2
— 9

Applications to amino acid residues

In order to obtain oy values, conformational data have been
extracted from the protein data bank (PDB) along with observed
chemical shift data from the BiomagResDataBank (BMRB) as
mentioned below in the Materials and methods section. Replace-
ment of such data in eqn (9) allowed us to obtain 2153 oy values
and Table 2 lists the average oy value for every amino acid.*' These
oy data re-introduced in eqn (9) provide calculated chemical shifts
(8w in contrast with 8,,), whose averages (8w and 8.,,) were
obviously identical. Standard deviations (SD) were higher for &,
than for ., data. Table 2 also includes the average error (AE),
the average of the difference between ., and 0., as well as their
standard deviations; the global error being 0.41 = 0.35 ppm.

Data collected in Table 2 are representative enough of the
peptide set chosen in this study; the magnitude of 8, for a given
amino acid is quite similar to that reported recently by Zhang and
coworkers,” with deviations less than 0.14 ppm as evidenced in
Table 3 for comparative purposes. The sole exception is found for
tryptophan (0.30 ppm), although this fact could be attributed to
the small proportion of such a residue in the global sample (19 out
of 2035 amino acids).

To validate eqn (9) on a protein different from those of the
protein banks employed to estimate oy deshielding, we have also
calculated alpha proton chemical shifts in insulin which have been
compared with experimental values. This results in an average
error of 0.27 ppm and 0.21 as the standard deviation (see Table S2
in the ESIf).

An important structure factor that can be correlated with
chemical shifts is the hydrophobic (or hydrophilic) character of
some amino acids or even protein regions. Hydrophobicity often
represents a crucial factor that determines, for instance, antigen
activity. We have therefore compared our results with predictions
of hydrophobicity based on frequently used scales, such as the
Kyte-Doolittle (KD)* and Hopp—Woods (HW),* in which the
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Table 2 Average error and statistical data (in ppm) for every amino acid in proteins

Amino acid Or Ocate = Oops SD,s SD..c AE“ SDAg Measured residues

Alanine ALA 0.75 4.24 0.46 0.14 0.36 0.34 151
Arginine ARG 0.80 4.29 0.44 0.11 0.39 0.28 113
Asparagine ASN 1.18 4.64 0.39 0.14 0.32 0.27 77
Aspartate ASP 1.11 4.59 0.33 0.14 0.28 0.22 119
Cysteine CYS 1.22 4.70 0.60 0.14 0.53 0.35 35
Glutamine GLN 0.70 4.19 0.37 0.15 0.32 0.28 111
Glutamate GLU 0.77 4.26 0.45 0.13 0.37 0.32 149
Glycine GLY 0.59 3.94 0.52 0.22 0.34 0.35 118
Histidine HIS 1.09 4.54 0.52 0.16 0.42 0.35 39
Isoleucine ILE 0.65 4.13 0.63 0.12 0.57 0.37 124
Leucine LEU 0.90 4.39 0.52 0.12 0.46 0.34 187
Lysine LYS 0.81 4.30 0.45 0.13 0.39 0.28 138
Methionine MET 0.76 4.26 0.64 0.11 0.51 0.43 40
Phenylalanine PHE 1.25 4.73 0.67 0.13 0.61 0.38 74
Proline PRO 1.01 4.42 0.36 0.14 0.30 0.30 97
Serine SER 1.05 4.50 0.46 0.13 0.39 0.32 128
Threonine THR 0.93 4.42 0.54 0.13 0.47 0.38 113
Tryptophan TRP 0.99 4.49 0.47 0.17 0.42 0.32 19
Tyrosine TYR 1.21 4.67 0.58 0.12 0.50 0.37 63
Valine VAL 0.72 4.20 0.68 0.12 0.61 0.39 140
GLOBAL 0.55 0.25 0.41 0.35 2035
“ Z( | éobs - 5ca]c |)/"-

Table 3 Average chemical shifts (in ppm) from Zhang and this work

Zhang et al.22 This work

Amino acid Oobs SD Oobs SD
ALA 4.29 0.49 4.24 0.46
ARG 4.29 0.50 4.29 0.44
ASN 4.71 0.42 4.64 0.39
ASP 4.62 0.34 4.59 0.33
CYS 4.79 0.64 4.70 0.60
GLN 4.30 0.48 4.19 0.37
GLU 4.28 0.45 4.26 0.45
GLY 3.98 0.41 3.94 0.52
HIS 4.64 0.52 4.54 0.52
ILE 4.23 0.60 4.13 0.63
LEU 4.37 0.52 4.39 0.52
LYS 4.29 0.49 4.30 0.45
MET 4.40 0.53 4.26 0.64
PHE 4.67 0.61 4.73 0.67
PRO 4.40 0.39 442 0.36
SER 4.56 0.45 4.50 0.46
THR 4.53 0.51 4.42 0.54
TRP 4.79 0.58 4.49 0.47
TYR 4.70 0.63 4.67 0.58
VAL 4.20 0.61 4.20 0.68
Amino acids in 26294 2035

protein structures

higher errors and standard deviations are found for the most
hydrophobic amino acids (Table 4). Moreover, the observed shifts
in hydrophobic amino acids show higher standard deviations than
the corresponding calculated shifts. This fact suggests that the high
AE is linked to hydrophobicity effects, which in aqueous solution
produce structures that avoid the interaction with the solvent in
protein regions where these amino acids are located, instead of the
geometrical factors used by our method. In contrast, hydrophilic
amino acids show lower values of AE and standard deviations; and
in addition, standard deviations are quite similar to both observed
and calculated chemical shifts.

Fig. 6 shows the error percentages (separated by 0.1 ppm
intervals) of all computed amino acids. The individual percentages
relative to the whole sample are indicated by means of blue bars,
while cumulative errors are represented by red bars. Thus, one
can observe that for approximately 55% of the cases studied, the
mean error is less than 0.4 ppm. Further inspection of errors above
the averaging for some amino acid residues reveals that they are
often located next to anisotropic groups, such as a phenyl ring
or amido linkage. Such groups may be far away in sequence but
spatially close due to backbone folding. In stark contrast, amino
acid residues with little AE values have no anisotropy sources
in their vicinity. Fig. 7 shows an example from a residue with
high error (1.42 ppm): the distance between the CH proton in
the residue GLN 15 from the 1XNA structure and a carbonylic
oxygen is just 2.545 A 2 In this case there is another anisotropic
group, —-N(~C=C), within a short distance: 3.099 A. The opposite
situation is represented by Fig. 8, which depicts a fragment of

| B Percentage of each error interval B Cumulative percentage |

100.0
0.0 ————
80.01 <

70.04
60.0

50.04 1 _ !

40.0

30,04~ - -

20,0+

10.0 | i
-

Percentage of all computed amino
acids

S Sy S S o

0.0

A

0.10-0.19 |

0.50-0.59 |

4

0.60-0.69 |

i

1
080-089 ¥

0.70-0.79 |

050099 g

i,

1.20-1.29 |

-—-—-I---
—-—-—-—___

:

210219
220229 |
n

4

0.00-0.09 |
0.40-0.49

0.20-0.29
0.30-0.39 |

1.00-1.09 |
1.10-1.19 |
130139 |
1.40-1
15041,
180189 g
1.90-1.99
2.00-2.08

[Beatc - Bops| intervals

Fig. 6 Errors calculating proton chemical shifts for amino acid residues.
Each entry stands for a 0.1 ppm interval.
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Table 4 Average errors and standard deviations related to hydrophobicity and hydrophilicity scales

Aminoacid K-D“23 H-W24 AE SD e SD s SD.c Measured residues
ALA 1.8 —0.5 0.36 0.34 0.46 0.14 151
ARG -4.5 3.0 0.39 0.28 0.44 0.11 113
ASN -3.5 0.2 0.32 0.27 0.39 0.14 77
ASP -3.5 3.0 0.28 0.22 0.33 0.14 119
CYS 2.5 -1.0 0.53 0.35 0.60 0.14 35
GLN -3.5 0.2 0.32 0.28 0.37 0.15 111
GLU -3.5 3.0 0.37 0.32 0.45 0.13 149
GLY -0.4 0.0 0.34 0.35 0.52 0.22 118
HIS -3.2 -0.5 0.42 0.35 0.52 0.16 39
ILE 4.5 -1.8 0.57 0.37 0.63 0.12 124
LEU 3.8 -1.8 0.46 0.34 0.52 0.12 187
LYS -39 3.0 0.39 0.28 0.45 0.13 138
MET 1.9 -1.3 0.51 0.43 0.64 0.11 40
PHE 2.8 -2.5 0.61 0.38 0.67 0.13 74
PRO -1.6 0.0 0.30 0.30 0.36 0.14 97
SER -0.8 0.3 0.39 0.32 0.46 0.13 128
THR -0.7 -0.4 0.47 0.38 0.54 0.13 113
TRP -0.9 -34 0.42 0.32 0.47 0.17 19
TYR -1.3 -2.3 0.50 0.37 0.58 0.12 63
VAL 4.2 -1.5 0.61 0.39 0.68 0.12 140
GLOBAL 0.41 0.35 0.55 0.25 2035

¢ Coefficient derived both from water-vapor transfer free energies and the interior—exterior distribution of amino acid side-chains. * Coefficient based On
Levitt’s hydrophobicity parameters,” taken as the measured free energy of transfer from water to ethanol, or estimated from the relationship between
accessible surface area and hydrophobicity when experimental values are not available.

L\
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Y 40
d|
-
W > d
X i = \
s \ &
7 v, \
) )
-
B[
AN

Fig.7 Example of amino acid residue surrounded by anisotropic groups
and having a high calculated error.

1TOW structure;* the nearest anisotropic group to the CH proton
of the GLN 2 residue, whose error is just 0.09 ppm, is a phenyl
ring.

Conclusions

We have developed a methodology that ultimately releases an
equation for the prediction of o-proton chemical shifts, in the
amide moiety (6 for—-CO-NH-CH(R)-CO-NH-) in different
solvents, including an aqueous environment. The algorithm
takes into account only geometrical parameters that reflect the
anisotropy of the amide groups in the peptide bond. The calculated
shifts correlate well with experimental values found for 2035 amino

\

|

y
v

N

Fig.8 Example of amino acid residue having no anisotropic groups in its
vicinity and therefore with a low calculated error.

acid residues present in 13 different proteins, whose structures
have been previously determined by NMR analyses. The averaging
error was 0.41 ppm and the standard deviation was 0.35 ppm.
To validate the model beyond the above-mentioned proteins, the
mathematical relationship has been applied to insulin, finding an
error of 0.27 ppm with SD = 0.21 ppm.

Given the popularity of NMR chemical shifts for structure
elucidation and assuming that there are numerous software
packages containing databases of millions experimental proton
shifts, the method provides a fast and reliable alternative to existing
prediction programs. One should further expect improvements
by means of higher level of theories and beyond standard basis
sets. However, the proof of concept has been demonstrated here
with the usual B3PW91/6-31G* level, which can be regarded a
suitable tradeoff between speed and accuracy for large molecular
systems. The correlations are also sensitive to hydrophobic and
conformational effects that enhance the anisotropy within the
peptide backbone. Such shifts can thus complement or give
structural information in cases for which NOE and/or coupling
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data are not readily available. Finally, we plan to extrapolate the
present methodology to other nuclei of interest and its application
to particular protein conformations.

Experimental
Materials and methods

Acetamides 1 and 2, and propionamide 7 were obtained from
commercial suppliers and used without further purification.
Acetamides 3—-6 were prepared as described in a previous work.'
Compounds 8-15 were also synthesized by reaction of the
corresponding amine and acyl chloride.?

DFT calculations were carried out with the Gaussian 03
program package.” The stationary points were characterized by
frequency calculations to verify that minima have no imaginary
frequencies. All NMR data were collected at 400 MHz in
perdeuterated solvents (CDCl;, DMSO-d,, and D,0, 99.9% D)
with chemical shifts referred to tetramethylsilane (TMS) as the
internal standard (6 = 0.00 ppm). Structural data for proteins
have been taken from the PDB database? as well as chemical shifts
from BMRB,? namely the N-terminal domain of enzyme I from
Escherichia coli (2EZB);* human neutrophil gelatinase-associated
lipocalin (INGL);** N-terminal domain of single-strand DNA-
repair protein XRCC1 (1XNA);» human T-cell linfotropic virus
type I capsid protein (1QRJ);** N-terminal domain of VCP-like
ATPase of thermoplasma (1CZ4);** capsid protein from Rous
sarcoma virus (1D1D);* human prion protein hPrP (1QLX);*
inserted domain of human leukocyte function associated antigen-1
(1DGQ);* CDC42 from human (1AJE);*” 3-methyladenine DNA
glycosylase I (1ILMZ);* acidic fibroblast growth factor (IRML);*
truncated hevein of 32 amino acids (ITOW);** and homeobox
gene Hex-1;* dimeric insulin (3INS).** They have been chosen
without any further consideration of a preferred conformational
organization (either a-helix or B-sheet).
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