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ABSTRACT: Theoretical relationships between the vicinal spin−
spin coupling constants (SSCCs) and the χ1 torsion angles have
been studied to predict the conformations of protein side chains.
An efficient computational procedure is developed to obtain the
conformation of dipeptides through theoretical and experimental
SSCCs, Karplus equations, and quantum chemistry methods, and it
is applied to three aliphatic hydrophobic residues (Val, Leu, and
Ile). Three models are proposed: unimodal-static, trimodal-static-
stepped, and trimodal-static-trigonal, where the most important
factors are incorporated (coupled nuclei, nature and orientation of
the substituents, and local geometric properties). Our results are validated by comparison with NMR and X-ray empirical data
described in the literature, obtaining successful results on the 29 residues considered. Using out trimodal residue treatment, it is
possible to detect and resolve residues with a simple conformation and those with two or three staggered conformers. In four
residues, a deeper analysis explains that they do not have a unique conformation and that the population of each conformation plays
an important role.

■ INTRODUCTION
The properties of the amino acid (AA) side chain in proteins
are key determinants of protein function, and therefore, for
the understanding of life. The diverse chemical nature of the
AA side chain is responsible for many specific biochemical
functions performed by different proteins.1 Side-chain
dihedral angles χ1 are an important source of information
on the dynamics and flexibility of proteins.2 Most of these
angles correspond to discrete values, and residues generally
prefer certain combinations of them.3 Side chain χ1 is not
evenly distributed, but most χ1 angles occur around certain
values, adopting usually staggered structures.4 The most
probable side-chain conformations are defined by the
statistical analysis of conformational structures.5 AA side
chains allow for many different types of intramolecular and
intermolecular interactions, which are modulated by the
dynamics of the side chains.6,7 The flexibility and dynamics of
AAs, number of conformations that appear per residue, and
the frequencies of these conformational changes play an
important role in biological properties.
Models are important to reduce the complexity of the

protein structure problem. However, a trade-off must be
made between complexity and precision. The model must be
able to represent different aspects of the structure, and a
model will not be useful if it cannot represent a structure
close to that of the protein. On the other hand, there are
several structural limitations in a protein structure, the
variation in bond lengths and angles being small, and the
greatest variation occurring in dihedral angles. The prediction

of the side-chain structure varies according to the method
used. Approaches are different when the protein backbone is
unknown than when it is previously and accurately known.
Extensive work has been carried out on protein backbone and
side-chain modeling8−10 Several computational approaches
have been developed for the optimization of the side-chain
structure in protein design. Most of these methods involve
the use of a fixed backbone structure.11 This assumption
reduces complexity and computational time. Many efficient
methods have been developed based on different rotamer
libraries and other search methods.12−14 These computational
approaches were able to predict side-chain torsion angles
correctly for proteins. Knowledge of backbone and side-chain
conformations have allowed better refinement of experimen-
tally determined structures and enhanced protein design.15,16

The direct relationship between protein structure and its
functions or properties makes the study of geometry in
solution an important issue. Side-chain parameters derived
from NMR relaxation experiments in solution display
dynamics on the picosecond to nanosecond time scale for
AAs and small proteins.17 Theoretical calculation and the
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interpretation of NMR spectra allow the elucidation of
chemical structure of biological molecules, particularly when
they involve coupled spin systems.18 Comparative modeling
of protein structures provides high-quality models that are in
good agreement with X-ray crystallography or NMR solution
structures. In this work, we raise the determination of
polypeptide side-chain conformation using theoretical rela-
tionships19 between vicinal spin−spin coupling constants
(SSCCs) and torsion side chain angles χ1, that is, the well-
known Karplus equations.20,21 The relationships between
vicinal SSCCs and dihedral angles are formulated by Fourier
series which, in turn, are parameterized using accurate
theoretical calculations. In order to obtain the Karplus
equations, two important sets of data are needed: dihedral
angles and SSCCs, 3JXY. Vicinal

3JXY couplings depend on the
torsional angle, and to a lesser extent on several factors as the
substituents attached to the X−C−C−Y fragment and local
geometry (bond lengths and angles).21,22 As the first
approximation, those effects can be considered, at least
partially, implicitly included in the Fourier coefficients when
they are obtained for a specific AA model fragment. Once
these extended Karplus equations have been obtained, they
can be used for predicting side-chain conformation by
comparison between experimental vicinal SSCCs, 3JXY

exp, and
those obtained theoretically for χ1 angle, 3JXY

teo(χ1).
We extend the earlier work23 by considering the findings

about basis sets and functionals that predict the best SSCCs
and also by incorporating three models. Two of them
allowing us to study the rotamers around the side-chain
angle. We have applied a computational procedure for
determining side-chain dipeptide conformations of three
hydrophobic AAs: valine (Val), leucine (Leu), and isoleucine
(Ile) in Desulfovibrio vulgaris Flavodoxin (strain Hilden-
borough).24 Among all AAs, methyl-containing residues are
frequently present in the hydrophobic protein core, and these
methyl groups play important roles in protein−ligand foldings
and interactions.25 There are four aliphatic hydrophobic AAs,
the three considered plus Ala, which has been studied
previously.23 These hydrophobic AAs are nonpolar which
implies that they interact weakly with water molecules.26 Val
is a simple AA with just an isopropyl variable group; Leu has
the same variable group as Val but with an extra CH3; Ile is
an isomer of Leu where the placement of the CH3 for a sec-
butyl rather than an isobutyl side chain. Hydrophobicity
increases with the increasing number of C atoms in the
hydrocarbon chain. As a consequence, these three AAs are
preferentially located inside protein molecules.
This paper is organized as follows. In the section methods,

the selection of geometries for its optimization, the method
for the SSCC calculations, the Karplus equation fittings, and
the three models proposed are described. The computational

details are presented next. The results and discussion section
is devoted to present and comment on SSCCs, Fourier
coefficients, and predicted χ1 angles obtained with different
theoretical approaches and testing the methodology for Val,
Leu, and Ile residues. Finally, the conclusions are presented.

■ METHODS

The procedure carried out in this work is summarized
(Scheme 1) in the following steps:

Selection and Optimization of Geometries. Most of
the AAs have usually favored conformations, that is, those
shown in the well-known Ramachandran plots.15 The two
most important backbone structures are the α conformation
(α-helix with ϕ ≈ −64° and ψ ≈ −44°) and the β
conformation (β-sheet with ϕ ≈ −121° and ψ ≈ +128°).
When AAs are combined to form peptides and proteins, the
conformations α, β, and other less populated ones result from
steric and noncovalent interactions. When a small dipeptide
model, containing only two peptide linkages (−CO−NH−),
is used, no interaction appears from further residues and from
the surrounding media. Due to the lack of these interactions,
a complete geometry optimization of these dipeptide
fragments leads to conformations very different from those
indicated above (α or β). Thus, the resulting geometries are
less realistic and attractive for the study of proteins.
Consequently, in this work, the geometry optimizations will
be limited to these two main secondary structures, α-helices
and β-sheets. The ϕ and ψ angles will be constrained to the
respective values indicated above. The effects of these two
conformations on the side-chain SSCCs will also be
discussed. Clearly, the SSCCs calculated and the Fourier
coefficients derived from them will depend on the backbone
conformational space. However, the inclusion of this
dependence in those coefficients is difficult and complex
and we expect, as an approximation, that they will have a
minor effect. In a previous work,23 a range of differences ca.
15% was found between the SSCCs calculated for α and β-
conformations. It should also be noted that the backbone
conformational effects are also negligible in the empirical
Karplus equations.
Additionally, the geometries driving the χ1 angle were

obtained, that is, the parameter χ1 = N′−Cα−Cβ−Cγ1 will be
scanned between 0 and 360° at intervals of 30°. Although, as
shown earlier,23 only those corresponding to the alternated
and eclipsed conformations are needed to derive the Karplus
equations. For Leu and Ile AAs, the initial χ2 angle
considered in the geometry optimization (Figure 1) will
determine final optimized geometries. Therefore, calculated
SSCCs, will also be affected, although in a small magnitude,
by this χ2 orientation.

Scheme 1. Workflow of the Computational NMR Procedure
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SSCC Calculations. Once the geometries, with the
indicated restrictions, are obtained we need to calculate the
vicinal SSCCs involved around the χ1 angle. For Val, Leu,
and Ile AAs, nine vicinal SSCCs can be calculated around the
Cα−Cβ bond, which are of six different types: 3JHα

,H
β, 3JHα

,C
γ,

3JC′,Hβ, 3JC′,Cγ, 3JN′,Hβ, and 3JN′,Cγ.
The most accurate way to calculate these couplings is by

using wave function (WF) methods that have proved to give
reliable results on small molecules.27−29 However, owing to
the size of the AA fragments and the large amount of SSCCs
needed, we consider combining them with methods based on
density functional theory (DFT).23,28

Within DFT, SSCCs depend not only on the used basis
set, as in WF methods, but also on the utilized functional.
Therefore, DFT calculations must be tested in specific cases
to find the best basis set and functional for these AAs and
sometimes for each type of SSCCs. These tests will be carried
out by comparing DFT results with those obtained with WF
calculations and also by comparing the final χ1 angles with
those obtained from NMR and X-ray measurements.

3JXY versus χ1 and Karplus Equations. Once the
calculated SSCCs and dihedral angles are available, the
Fourier coefficients for the different vicinal SSCCs are
obtained by means of single least-squares regression. These
sets of coefficients will be compared with those obtained
empirically by NMR.30,31 From a set of six values of 3JXY and
dihedral angles, it is possible to obtain up to six Fourier
coefficients C0, C1, C2, C3, S1, and S2 for the following
extended Karplus equation

θ θ θ

θ θ

= + + +

+ +

J C C C C

S S

cos( ) cos(2 ) cos(3 )

sin( ) sin(2 )
XY

3
0 1 2 3

1 2 (1)

where θ is the dihedral angle between the coupled nuclei. In
order to analyze and compare the calculated results, that is,
to say, the different sets of six SSCCs or Fourier coefficients
obtained with two different approaches (set1 and set2), we
will use the following root-mean-squared deviation (rmsd)
statistical parameter23

∫ θ θ θ

π
=
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J J
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Within this definition, the rmsd between two different sets of
Fourier coefficients can be written

=
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where ΔKn = Kn
set1 − Kn

set2 with K = C or S and n = 0, 1, 2, ...
To compare results obtained with different theoretical

methods and basis sets, it is convenient to combine the rmsd
values into a relative value that incorporates the nine studied
SSCCs. Thus, the following average weighted rmsd (awrmsd)
values (in %) are defined. The relative weights correspond to
the average couplings taken as the respective |C0| values.
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9
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where rmsdi are the values obtained using eq 2 or 3 for each
type i of SSCCs. The values taken for C0,i are those
calculated at the SOPPA(CCSD)/aug-cc-pVTZ-J.

Models for Side-Chain Dihedral Angle χ1. When the
Karplus equations are established, we can use them in
combination with experimental 3JXY

exp to find out the χ1
dihedral angle. In this work, we have developed three models:

(i) Unimodal-static (UMS): In this first model, the χ1
angle is determined considering the existence of a
single conformer and minimizing for each residue (res)
the following rmsd function

χ
χ

=
∑ −J J

n
rmsd ( )

( ( ))
J

i
n

i i
,res 1

exp cal
1

2

(5)

where n is the number of experimental Ji
exp couplings for a

given residue.
This model usually predicts two different minima, if one is

at χ1, the other will be around χ1 + 180°.32 This ambiguity is
inherent in the degeneration of the Karplus equation that
even with up to nine experimental couplings gives a multi-
valued solution.32 To avoid this ambiguity, we consider
within this model the results that fulfill two conditions: (i)
the determined χ1 value corresponds to an staggered
conformer within an uncertainty of ±30°, and (ii) the
population for this unimodal conformer, calculated as
suggested below [trimodal-static-staggered (TMSS)], is larger
than 60%.

(ii) TMSS: This second model considers three staggered
conformers with χ1 at 60, 180, and −60°, and the
populations will be determined by minimization of the
following equation

χ
χ

=
∑ − ∑ =( )J PJ

n
rmsd ( )

( )
J

i
n

i j j i j j
,res 1

exp
1

3
,
cal

1,

2

(6)

where populations Pj are calculated using the Quadprog R
package33 to minimize the rmsdJ,res(χ1), eq 6, with the
conditions: P60 + P180 + P−60 = 1 and Pi ≥ 0.34,35 In this
model, two parameters are determine, that is, the population
of two conformers.

(iii) Trimodal-static-trigonal (TMST): The third model
considers also a trigonal symmetry, but now three
parameters are found by minimization: two populations

Figure 1. Atoms labels for the definition of χ1 (N′−Cα−Cβ−Cγ1)
and χ2 (C

α−Cβ−Cγ1−Cδ1) angles for Val, Leu, and Ile residues and
Newman projections defining the χ1 angle.
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and one χ1 angle. The other two angles are considered
χ1 ± 120° following a trigonal symmetry. Although this
trigonal symmetry does not have to be fulfilled, it is
likely that the χ1 angle for the most populated
conformer is reasonable. In this model, the rmsd
function will be determined by the following equation

χ

χ χ

χ

=

∑ − + +

+ −

χ χ

χ

+

−

J P J P J

P J

n

rmsd ( )

( ( ( ) ( 120)

( 120)))

J

i
n

i i i

i

,res 1

exp cal
1 ( 120)

cal
1

( 120)
cal

1
2

1 1

1

(7)

Analysis of the Results. The obtained torsional χ1 angles
will be compared with three sets of empirical values. The first
two sets are those derived by Peŕez et al.30 and Schmidt et
al.31 using empirical NMR SSCCs and Karplus equations.
The third set corresponds to the average X-ray torsional
angles derived from high-resolution X-ray structures. Schmidt
et al.31 made a selection of calculated torsion angles obtained
from eight different X-ray entries within the PDB.31 This X-
ray set has been extended with five more recent data
obtained from PDB entries36 (Table S1, Supporting
Information). In the present work, X-ray reference values
are obtained averaging the X-ray torsional angles after
removing the outlier torsion angles, that is, those that deviate
more than 30° from the average. Thus, χ1 values obtained
when the protein crystallizes in different and minority
conformations are not considered, at least in a single
conformer model. Some removed X-ray angles can be
interpreted on the basis of torsion angle dynamics and
localization uncertainties.31

Besides, the above indicated rmsdJ,res(χ1) values, eqs 5 to 7,
the following two statistical parameters are considered. First

=
∑ −J J

m
rmsd

( )

(for the whole set of residues)

J
i
m

i i
,tot

exp cal 2

(8)

compares the whole set of experimental Jexp SSCCs (m
values) with those calculated for the predicted χ1 values.
Second

χ χ
=

∑ −
χ n

rmsd
( )i

n
i iemp 1,

emp
1,
cal 2

1 (9)

compares the empirical χ1 angles with those predicted in this
work. χ1,i

emp is the dihedral angle empirically obtained by
Schmidt31 and Peŕez,30 or the above indicated X-ray average
angles; χ1,i

cal corresponds to the values calculated in this work,
and n is number of values included in the statistics, taking
into account that the values with discrepancies larger than
40° are not considered.
In order to obtain the needed distance between two angles

and the average, the following circular statistic approach37

was used: the angle, here χ1,i, is represented by its equivalent
vector (xi = cos χ1,I and yi = sin χ1,i). The distance between
two angles (χ1,i and χ1,j), that is, the minor angle between
them, is calculated by

χ χ− = · + ·x x y yarccos( )i j i j i j1, 1, (10)

The average ⟨χ1⟩ angle is calculated as

∑ ∑χ χ χ⟨ ⟩ = ⟨ ⟩ ⟨ ⟩ =
i

k
jjjjjj

y

{
zzzzzzy xatan2( , ) atan2 sin , cos

i
i

i
i1 1, 1,

(11)

where atan2 is the four quadrant inverse tangent function
returning an angle between −π and π.

■ COMPUTATIONAL DETAILS
In the present work, three different dipeptides have been
studied corresponding to Val, Leu, and Ile residues.
Molecular models and the definition of atoms are shown in
Figure 1. These dipeptide models present a reliable size for
the computational calculations and incorporate the main
effects on the side-chain SSCCs except those of large range,
for instance, noncovalent interaction effects. In our previous
work on Ala side-chain SSCCs, the appropriate Fourier series,
the best quality/cost WF and DFT approaches, and basis set
for use on other AAs were established.23

Partial optimized geometries have been carried out at the
B3LYP/6-31G(d,p) level38−42 using the Gaussian program.43

Two sets of geometries were optimized, one with α-helix and
another with β-sheet backbone conformations, respectively,
where the ϕ and ψ angles were constrained to −64 and −44°
for α and to −121 and 128° for β-conformer. The χ1 angle
was kept frozen for the three molecules between 0 and 330°
at intervals of 30°. These 12 resulting values will be used to
analyze the geometry, although selecting six values of χ1 (0,
60, 120, 180, −120 and −60°) for the SSCCs calculations. In
addition, the angle χ2 was positioned in Leu and Ile at the
three staggered conformations before the optimization, and it
was checked that the angle after the optimization remains
around the initial staggered position. Results presented in this
work for SSCCs or Karplus equations for Leu and Ile will
correspond to the average between the three χ2 conformers.
SSCCs have been calculated using WF and DFT methods.

The WF ones will be carried out at the limit of our
computational resources, using the DALTON suite pro-
gram.44,45 The level of theory chosen is based on our
previous results for Ala.23 The WF method is the SOPPA-
(CCSD)46 which considers the electron correlation efficiently
with a reasonable computational cost for these molecules.23

The selected functionals were B3LYP, B972, wB97X,
wB97XD, and S55VWN5, which give the best results for
Ala.23 The basis sets used in these calculations were the 6-
311++G**-J47 and the aug-cc-pVTZ-J,48 both developed
specifically to calculate SSCCs. The last and larger basis set
was used preferably in the more cost-efficient DFT
calculations.

■ RESULTS AND DISCUSSION
Geometries and χ2 Rotamers. The profiles of energies

are obtained from the geometries optimized fixing the χ1
angle (Figure 2). Leu and Ile dipeptides present three
different staggered conformers around χ2 angle which are also
included in Figure 2.
In protein studies, the dihedral angles θ between the

substituents around the Cα−Cβ bond are related to χ1 (N′−
Cα−Cβ−H) by the equation θ = χ1 + Δθ, where the phase
shift Δθ is usually taken as 0, 120, or −120° (denoted here
as Δθtetrah).30 However, as previously detected in Ala,23 the
optimized geometries show systematic deviations between the
dihedral angles optimized and those calculated using the
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above relationship. These deviations, θcalc − (χ1 + Δθtetrah),
average up to 15° over the calculated geometries when the χ1
angle is driven (Table S2, Supporting Information). In order
to improve the Karplus equation accuracy, or at least to
reduce the systematic errors, the new Δθproposed could be used
instead of the tetrahedral ones.
Fourier Coefficients. Fourier coefficient for Val, Leu, and

Ile dipeptides calculated at high-level SOPPA(CCSD)/6-
311++G**-J are presented in Table S3 (Supporting
Information). For Leu and Ile residues, the presented
coefficients are those corresponding to the average between
the results for the three staggered conformers around χ2
(Figure 1). Fourier coefficients calculated with DFT methods,
for α- and β-conformers, as well as the empirically derived
coefficients by Schmidt et al.31 and Peŕez et al.30 are also
available in Tables S4−S7 (Supporting Information).
The comparison of the Fourier coefficients calculated with

different approaches is presented briefly in Figure 3 and in
detail in Table S8 (Supporting Information). First, we
evaluate those obtained with the 6-311++G**-J and aug-cc-
pVTZ-J basis sets, both calculated using the B3LYP
functional. The former basis set was used in WF calculations
owing to its smaller size, while the larger aug-cc-pVTZ-J basis

set was employed in most DFT calculations because these
methods are computationally more cost-effective. The rmsd
and awrmsd values show that the differences between the
results of both basis sets are negligible. Only SSCCs between
protons have a rmsd greater than 0.1 Hz (around 0.19 Hz).
For the remaining couplings, rmsd values are smaller than
0.05 Hz. The awrmsd values are around 1.2% for the three
AAs. Only the α-conformer results are shown due to the
similarity with those of β. Second entry compares results for
α- and β-conformers. Both calculated at the SOPPA(CCSD)/
6-311++G**-J level. For the three AAs, the awrmsd values
are around 15% which is a small but not negligible amount.
Considering the rmsd, we found values up to 0.86 Hz for
proton−proton SSCCs, the largest ones. For Leu and Ile,
entries 3−5 compare the Fourier coefficients for each of the
three χ2 staggered conformers with those obtained as an
average of the three conformers. Values for these compar-
isons were also calculated at the highest SOPPA(CCSD)/6-
311++G**-J level. The awrmsd values, similar for both AAs,
range between 5 and 7%, and the largest rmsd (0.4 Hz) is
that of α βJ3

H H 1 in Leu.
Fourier coefficients calculated at the SOPPA(CCSD)/6-

311++G**-J level are compared in the last four entries with
those empirically obtained by Schmidt31 and Peŕez30 (Table
S7, Supporting Information). The differences observed are
large. Several reasons justify those results: (i) C3, S2, or S1
coefficients are not considered in Schmidt’s (the first two) or
Peŕez’s (the three) results; (ii) C1 coefficients are forced in
the empirical determinations to be negative except for
nitrogen involved SSCCs which are forced to be positive,
owing to the change of sign in the 15N magnetogyric ratio;
and (iii) coefficients for the same type of couplings, for
instance, α γJ2

H ,C 1 and α γJ2
H ,C 2, are considered to be equal, thus

neglecting the effects of the substituent position on those
SSCCs.22 Coefficients for Leu have a lower awrmsd, and
those obtained for the β conformer are more similar to those
obtained empirically than that in the α conformer.
The performance of DFT methods is analyzed considering

the results, as shown in Figure 4 and Table S9. In this Figure
4, the awrmsd between the SOPPA(CCSD) and DFT
Fourier coefficients are presented. As indicated above,
functionals were selected from those that yielded the best
SSCCs when compared with WF values.23 Therefore, it is not

Figure 2. Energy profiles for Val, Leu, and Ile vs χ1 angle for α-helix
and β-sheet conformations. For Leu and Ile, the three staggered χ2
conformers are shown. Energy profiles were obtained at the B3LYP/
6-31G(d,p) level.

Figure 3. Values of awrmsd (%) for Val, Leu, and Ile between pair
of results.

Figure 4. Values of awrmsd (%) for Val, Leu, and Ile when
SOPPA(CCSD)/6-311++G**-J results are compared to DFT ones.
Only α-conformer results are shown. The aug-cc-pVTZ-J basis set
was used, except for (*) where the 6-311++G**-J was employed.
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surprising that the results present awrmsd values that are
smaller than 12%. The best results are those of the
S55VWN5 functional (5% awrmsd) followed by those of
B972 and wB97XD functionals (8% awrmsd) for all three
AAs.
Optimizing Side-Chain Torsion Angle χ1. Dihedral

angle χ1, rotamer populations, and statistical parameters
calculated using the procedures indicated above are presented
and compared to the results previously obtained by NMR
and the average X-ray values.30,31

Figure 5 and Table 1 include results obtained after
satisfying two criteria: (a) χ1 angles calculated with the UMS
model are within the intervals 60 ± 30, 180 ± 30, or −60 ±
30° and (b) a conformer population calculated with the
TMST model is greater than 60%, that is, there is a
predominant conformer. Results of the remaining four
residues that do not meet any of the above criteria will be
discussed below. That is, the majority of the side-chain
rotamers (25 out of 29) present a dominant χ1 conformation
in solution. A summary of these results is presented in Figure
5, where the angular deviations of the 25 unimodal residues
are displayed. All results are considered in detail in Table 1.
Findings about the four exceptional residues are analyzed in
subsection “trimodal residues” (see Table 4).
As shown in Figure 5, deviations Δχ1 from the staggered

angles predicted with the UMS and TMST models, two
empirical NMR results, and X-ray data are summarized. In
the upper plate, we present the results considering an angle
of 180° for the staggered conformer as a reference for nine

residues (five Val and four Leu). In general, with some
exceptions, the differences go in the same direction, and the
UMS model predicts small values and the same sign as the X-
ray values. The differences found in the values of the TMST
model for the four Leu residues are also notable. On the
bottom plate of Figure 5, we present the equivalent results to
the previous ones with respect to a staggered angle of −60°.
15 residues belong to this group (two Val, five Leu, and
seven Ile). For this set of Δχ1, as in the previous set, the
UMS model predicts the same sign as the X-ray values,
showing greater differences in the Leu residues and
outstanding the good agreement of the Ile residues.
The full description of results for the 25 residues of Figure

5 is given in Table 1, where each column is explained below.
Column #1 in Table 1 defines the residues. Columns #2 and
#3 show results obtained using the UMS model; χ1 values
correspond to the minima in the curves of rmsdJ,res. The
representation of rmsdJ,res versus χ1 for all residues is shown
in Figure S1 (Supporting Information). They generally
exhibit two minima due to the intrinsic degeneracy of the
Karplus equation.32 For the majority of residues, the χ1
angles, as shown in column #2 of Table 1, correspond to
the absolute minima, that is, the first minimum, indicated by
a superindex (1) together with the minimum rmsdJ,res in
column #3. For three residues, Leu46, Leu74, and Leu124,
the considered χ1 angle corresponds to a second minimum
(superindex 2). Moreover, in column #3, we present an
estimation of the χ1 uncertainty based on the shape of
rmsdJ,res curve. These uncertainties are obtained considering
the angles around the minimum included in a rmsdJ,res
corresponding to the minima plus 0.2 Hz, giving an idea of
how flat or steep the rmsdJ,res curve is.
Columns #4 to #7 in Table 1 show the results derived

from the TMSS model. Columns #4 to #6 present the
populations (%) corresponding to the staggered rotamers.
The χ1 angle used to compare with the other two models
corresponds to that of maximum population, larger than 60%.
It should be noted that this model does not predict any
residue with a dominant conformation around 60°. The
maximum population for a χ1 = 60° rotamer is 32% for the
Ile65 residue. The rmsdJ,res values, corresponding to the
minimum and considering the three staggered rotamers, are
shown in column #7.
Columns #8 to #12 show results achieved using the TMST

model. The χ1 angle, as shown in column #8, corresponds to
the rotamer with the highest population, the other two χ1
angles are χ1 + 120 and χ1 − 120°. The rmsdJ,res values for
both trimodal models are similar, and obviously both are
smaller than those of the UMS model where only one
parameter is optimized.
Column #13, labelled NJ, shows the number of available

experimental SSCCs. Next columns present empirical results
of Schmidt et al.31 and Peŕez et al.30 and those obtained from
X-ray studies.36 χ1 average X-ray angles, as shown in the last
column of Table 1, are calculated from more than 10 X-ray
values extracted from the PDB36 and from those collected by
Schmidt.31 In fact, only one average value is obtained with 10
individual X-ray angles, two from 11, four from 12, and the
remaining ones, 18 average values, were obtained from 13
individual values. This means that the agreement between the
different X-ray studies is very satisfactory for all residues. The
rmsd values are smaller than 10° except for two residues
whose rmsd values amount 14.5° (Leu112) and 11.5°

Figure 5. Angular deviation, Δχ1, with respect to both staggered
angles, 180° (upper plate) and −60° (lower plate) for Val, Leu, and
Ile residues.
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(Leu115). These residues and Leu67 present the highest
deviations (22.1, 10.8, and 30.3°, respectively) with respect to
the staggered (−60°) conformer. It should be noted that
deviations with respect to the TMST model (6.6, 0.5 and
16.7°, respectively) are smaller.
Table 2 summarizes the deviations of the different methods

or models. Dihedral angles, χ1, obtained in this work are in

good agreement with those previously obtained from X-ray
structures31 and from empirical NMR Karplus equations.30,31

χ1 angles obtained with the UMS model compared with X-ray
and with both empirical NMR results present rmsdχ1 values
of 7.6, 9.8, and 6.9° (Table 2). Deviations for χ1 angles of the
three models for Val, Leu, and Ile residues with respect to X-
ray values are considered in Figure S2 (Supporting
Information). The UMS model yields the best agreement
when compared with the X-ray angles.
It is remarkable to note that χ1 angles obtained in this

work using NMR experimental SSCCs and theoretical
Karplus coefficients are more similar to those obtained by
X-ray structures than those obtained with the same set of
experimental couplings and empirical Karplus coefficients.30,31

It is also noteworthy that TMSS and TMST models present
larger χ1 deviations. Despite these models yield a good
agreement when compared to experimental and calculated
SSCCs, see rmsdJ,res in Table 1 and rmsdJ,tot values in Table
2. However, it should be noted that these χ1 deviations are
similar or slightly smaller than those of Schmidt and Peŕez
(see rmsdχ1 values in Table 2).
Figure 6 shows the χ1 deviations against the X-ray average,

that is, χ
‐rmsdX ray

1
, derived from the different methods and for

the three AAs. Numerical values can be found in Table S10.
The largest deviations, irrespectively of used method,
correspond to Leu residues, while the lowest deviations are
those of Ile residues. In this last case, the rmsd values of
Peŕez et al.30 are smaller than those calculated with the other
methods. For Val, Leu, and the whole set, the best results are
those of the UMS method. However, for Ile, the best results
are those of Peŕez, TMSS, and TMST.
In Table 3, we summarize the final results of the popular

B3LYP and a selection of the best functionals to calculate
SSCCs23 (B972, S55VWN5, and wB98xD) comparing them
with WF SOPPA(CCSD) results. We show two statistical
parameters: the χ

‐rmsdX ray
1

obtained by comparison with the

X-ray χ1 values and the rmsdJ,tot. The best results are clearly
those of the WF method. Nevertheless, some functionals
perform accurately, and the differences with WF results are
small. To simplify, we focus our attention on the results of
the α-conformer. When appropriate, we will indicate some of
the highlights of the beta conformer. Within the UMS model,
the χ

‐rmsdX ray
1

values amount 7.6°, while the DFT values are

close to 7.9 or 8.0° except for B3LYP that amounts 9.5°. For
this statistical parameter, results for the β-conformer are
slightly worse. rmsdJ,tot values are 0.96 Hz for SOPPA-
(CCSD) and between 1.04 and 1.10 Hz for B972,
S55VWN5, and wB98xD, while the one corresponding to
B3LYP increases to 1.42 Hz. In contrast to χ

‐rmsdX ray
1

values,

the rmsdJ,tot values for the β-conformer are better than those
of the α-conformer. This behavior is reproduced also using
TMST and TMSS models.
The TMSS model presents similar results for all methods

with an χ
‐rmsdX ray

1
around 7.0°. It seems to give better results

than the UMS and the TMST models, although it should be
considered that deviations larger than 30° were removed. In
the TMSS model, at least the Leu67 value that deviates 30.3°
has been removed. If this value were included, the χ

‐rmsdX ray
1

would be higher. rmsdJ,tot values for the trimodal models are
clearly better than those of the unimodal model. However,
we must also consider that the number of optimized
parameters increases.
Surprisingly, the TMST model predicts χ1 values worse

than those of the UMS model. Ab initio result for χ
‐rmsdX ray

1

is 9.7° (9.4 for β-conformer), and the DFT results are worse
between 10.8 and 11.6° for B972, S55VWN5, and wB98xD
functionals.

Trimodal Residues. As indicated above, results presented
in Table 1 include all residues that meet certain criteria (χ1
angle close staggered values and conformer population larger
than 60%). Only four residues of a total of 29 (14%) do not
meet one or both criteria. These residues are shown in Table
4, and they should be analyzed cautiously. The column
definition is similar to that previously described for Table 1.
For them, a reliable interpretation can be obtained
considering either the small number of experimental available
SSCCs and/or the possibility of two or three conformers
around χ1. For this reason, we call them trimodal residues.
Thus, the four residues Val88, Val144, Leu78, and Ile148 do
not meet the population criteria, that is, one conformer with
more than 60% of population. Two of these residues (Val88
and Ile148) show two dominant conformers (the third and
smallest conformational population was predicted as 13 and

Table 2. rmsdχ1 Values (degree), eq 9, between the
Indicated Resultsa

rmsdχ1

TMSS TMST Schmidt Peŕez X-ray rmsdJ,tot
α

UMS 7.317 7.016 9.822 6.917 7.625 0.96
TMSS 9.222 14.126 10.021 9.230 0.68
TMST 15.436 12.631 9.723 0.61
Schmidt 5.514 10.622

Peŕez 9.331

aα-conformer is considered. Superindex corresponds to the maximum
deviation. The last column shows the rmsdJ,tot values (Hz), eq 8, for
the results of this work.

Figure 6. χ
‐rmsdX ray

1
values (rmsd between the χ1 angles calculated

with the indicated method and those obtained as average X-ray) for
Val, Leu, Ile, and all residues.
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8%, respectively). For the other two residues, three
conformers with no negligible population should be
considered (the smallest conformer population is now 18
and 26%, respectively, within the TMSS model), see Table 4.
For Val88, we predict two conformers with χ1 around 180

and −60°, and with populations of 42 and 46%, respectively,
when using the UMS model, and 47 and 40%, respectively,
when using the TMST model. It should also be noted that
for Val88 only five experimental SSCCs are available, those
involving proton, which make an accurate interpretation more
difficult. For Val88, the UMS model predicts two unimodal
(100% populated) χ1 angles of 165 or −42°, while the TMST
model predicts 173° (47%) and −67° (40%). These figures
are in good agreement with the two available X-ray averages
of 173 and −57°.
Ile148 shows a similar behavior, but now the two main

conformers around 60 and −60° should be considered. The
UMS model found two minima χ1 angles at 72 and −85°.
The TMSS model predicts populations of 53% (for 60°
conformer) and 39% (for −60°). Using the TMSS, the χ1
angles (population) are 47° (41%) and −73° (51%). X-ray
values are 57 and −68° averaging eight and four PDB entries,
respectively.
The UMS model predicts χ1 angles of 167 or −36° for

Val144. Moreover, the TMSS model predicts populations of
18% (60°), 43% (180°), and 39% (−60°), and the TMST
model yields the following angles (populations): 44° (22%),
164° (49%), and −76° (30%) that are in reasonable
agreement with the X-ray angles (165 and −46°). The
angle −76° (close to 60°), corresponding to the lowest
population, is not found in the X-ray results.
Leu78 seems to be more complicated since a single

conformer model yields two possible minima with quite
anomalous χ1 angles (−100.9 and 100.2°). None of these
angles fulfill the angle criterium considered previously. It
should be noted that both previous NMR studies30,31 predict
χ1 angles of −111.6 and −109.4° with large deviations of 30
and 44°, respectively. In the TMSS model, we predict three
possible conformers 60° (33%), 180° (26%), and −60°
(41%), and the TMSS model also yields three conformers
30° (26%), 150° (31%), and −90° (43%). The X-ray χ1
angle is −141° when nine PDB entries are averaged, and

−85.4° when the four remaining PDB entries are considered.
The rmsdJ,RE values, see eqs 5 and 6, are reduced to one-third
when using the trimodal model with respect to the unimodal
model.

■ CONCLUSIONS

A computational procedure for obtaining conformational
side-chain information of dipeptides using SSCCs combined
with Karplus equations and quantum chemistry methods has
been developed.
Initially, a detailed analysis about the different factors that

affects the calculated SSCCs is presented. The 6-31++G**-J
basis set shows a similar quality to the larger aug-cc-pVTZ-J.
Both basis sets were specifically developed to calculate
SSCCs. The backbone and the side-chain χ2 conformation
also affect the resulting Fourier coefficients, and these effects
could be considered in a detailed study. Differences are found
when Fourier coefficients are compared with empirical ones.
In spite of these differences and factors, theoretical Fourier
coefficients predict χ1 angles better than empirical ones. It
should be noted that the above factors affect both theoretical
and empirical parameterizations. The performance of a
selected set of functionals is compared with that of expensive
WF methods. The functional S55VWN5,28 specifically
developed for SSCCs, presents the best results. Nevertheless,
standard functionals B972 and wB97XD also show good
performance. Any of these three functionals could be used for
faster and more cost-effective studies.
A combination of experimental 3JXY

exp with theoretical
Karplus equations is used to determine the χ1 side-chain
dihedral angles establishing three different models. These
models (UMS, TMSS, and TMST) have been applied to
study relationships between vicinal SSCCs and torsion angles
for Val, Leu, and Ile residues and validated with experimental
NMR and X-ray data. An UMS model considers a single
conformer and minimizes the rmsd, eq 5, for each residue to
predict the χ1 angle. The TMSS model contemplates three
staggered conformers for χ1 (60, 180, and −60°) and
determines their populations (two parameters). The TMST
model considers trigonal symmetry and computes three
parameters (two populations and one χ1 angle) by least
squares fitting. Side-chain torsion angle χ1 has been optimized

Table 3. Summary of Results Obtained by the Indicated WF and DFT Methodsa

χ
‐rmsdX ray

1 rmsdJ,tot

UMS TMSS TMST UMS TMSS TMST

SOPPA(CCSD) α 7.625 (25) 7.022 (24) 9.723 (25) 0.96 (181) 0.68 (181) 0.61 (181)
β 7.725 (25) 7.022 (24) 9.419 (25) 0.84 (181) 0.54 (181) 0.45 (181)

B3LYP α 9.519 (24) 7.122 (23) 9.220 (19) 1.42 (175) 1.01 (175) 0.90 (175)
β 10.319 (24) 7.122 (23) 14.730 (21) 1.22 (175) 0.80 (175) 0.65 (175)

B972 α 8.028 (25) 7.022 (24) 11.128 (25) 1.07 (181) 0.76 (181) 0.69 (181)
β 8.127 (25) 7.022 (24) 10.321 (25) 0.91 (181) 0.60 (181) 0.51 (181)

S55VWN5 α 8.025 (25) 7.022 (24) 11.630 (25) 1.10 (181) 0.77 (181) 0.70 (181)
β 8.325 (25) 7.022 (24) 10.822 (25) 0.92 (181) 0.59 (181) 0.50 (181)

wB98xD α 7.928 (25) 7.022 (24) 10.828 (25) 1.04 (181) 0.76 (181) 0.70 (181)
β 8.027 (25) 7.022 (24) 10.021 (25) 0.88 (181) 0.61 (181) 0.52 (181)

a
χ

‐rmsdX ray
1

(degree), eq 9, between the X-ray angles and those calculated with the indicated model and rmsdJ,tot (Hz), eq 8, between the

experimental SSCCs and those calculated with the indicated model. Results from WF (6-311++G** basis set) and DFT methods (aug-cc-pVTZ-J
basis set) are shown. For comparison, χ

‐rmsdX ray
1

between X-ray average results and those of Schmidt and Peŕez are, respectively, 10.6+22 (22) and

7.1+15 (25) and those between Schmidt and Peŕez, both obtained by NMR, are 5.5+14 (25).

Journal of Chemical Information and Modeling pubs.acs.org/jcim Article

https://doi.org/10.1021/acs.jcim.1c00773
J. Chem. Inf. Model. 2021, 61, 6012−6023

6020

pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.1c00773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


for 29 Val, Leu, and Ile residues achieving successful results
for 25 of them, with an excellent agreement with X-ray
angles. The four discordant residues (Val88, Val144, Leu78,
and Ile148) have been thoroughly studied, showing that they
do not have a unique conformation and that the population
of conformers plays an important role. These four residues do
not meet the population criterium, that is, none of the
conformer contributes with more than 60% of population. It
is relevant that these four trimodal residues present a good
agreement with the X-ray averages. For those four residues,
X-ray data present at least two conformers, showing a
trimodal character. We conclude that most of these so-called
trimodal residues present multiple conformations and that the
methods developed in this work are helpful for detecting
these special residues.
We consider that the procedure and the Karplus equations

developed in this work used in D. vulgaris Flavodoxin residues
can be utilized for Val, Leu, and Ile residues of any other
protein as long as the experimental coupling constants are
available.

■ DATA AND SOFTWARE AVAILABILITY
A new computational procedure is described in this work.
The computational strategy and different models proposed
here using the workflow allow us to get the final results. The
different conformers necessary to carry out this study,
according to the workflow, are obtained from standard
optimized geometries.
Software and standard packages are well known. They are

owned by their respective developers and copyright holders.
We have referenced and provided the appropriate links.
All data and results can be easily reproduced following the

corresponding instructions and using the standard computa-
tional packages indicated in this work. Optimized geometries
are presented in http://rmn5.qfa.uam.es/geo.
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ŕe
z
et

al
.3
0
c A
ve
ra
ge

X
-r
ay

re
su
lts
,s
ee

th
e
te
xt
.B

et
w
ee
n
pa
re
nt
he
se
s,
th
e
nu
m
be
r
of

X
-r
ay

re
su
lts

is
in
cl
ud
ed

in
th
e
av
er
ag
e.
d
Se
e
eq
s
5−

7.
e N

um
be
r
of

av
ai
la
bl
e
ex
pe
ri
m
en
ta
l
SS
C
C
s.

Journal of Chemical Information and Modeling pubs.acs.org/jcim Article

https://doi.org/10.1021/acs.jcim.1c00773
J. Chem. Inf. Model. 2021, 61, 6012−6023

6021

http://rmn5.qfa.uam.es/geo
https://pubs.acs.org/doi/10.1021/acs.jcim.1c00773?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acs.jcim.1c00773/suppl_file/ci1c00773_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jose+Manuel+Garci%CC%81a+de+la+Vega"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0002-1940-422X
https://orcid.org/0000-0002-1940-422X
mailto:garcia.delavega@uam.es
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jesu%CC%81s+San+Fabia%CC%81n"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Ignacio+Ema"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
pubs.acs.org/jcim?ref=pdf
https://doi.org/10.1021/acs.jcim.1c00773?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


Ignacio Ema − Departamento de Química Física Aplicada,
Facultad de Ciencias, Universidad Autónoma de Madrid,
28049 Madrid, Spain

Salama Omar − Departamento de Química Física Aplicada,
Facultad de Ciencias, Universidad Autónoma de Madrid,
28049 Madrid, Spain

Complete contact information is available at:
https://pubs.acs.org/10.1021/acs.jcim.1c00773

Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
Computer time provided by the Centro de Computación
Científica of Universidad Autónoma de Madrid is gratefully
acknowledged.

■ REFERENCES
(1) Kuhlman, B.; Bradley, P. Advances in protein structure
prediction and design. Nat. Rev. Mol. Cell Biol. 2019, 20, 681−697.
(2) Chandrasekaran, R.; Ramachandran, G. N. Studies on the
conformation of amino acids. XI. Analysis of the observed side
group conformation in proteins. Int. J. Protein Res. 1970, 2, 223−
233.
(3) Dunbrack, R. L., Jr.; Karplus, M. Conformational analysis of
the backbone-dependent rotamer preferences of protein sidechains.
Nat. Struct. Biol. 1994, 1, 334−340.
(4) Protein Folding, Misfolding and Aggregation: Classical Themes
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