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The variation of the 1H and 13C NMR chemical shifts of heptapeptide ATWLPPR was investigated during a
hybrid quantum mechanical (QM)/molecular mechanical (MM ) CHARMM) molecular dynamics simulation
of the peptide in aqueous solvent. The semiempirical method OM3 was used as the QM method, and the
effect of augmenting the OM3 Hamiltonian with an empirical dispersion term (OM3-D) was also explored.
The semiempirical MNDO method was used to calculate the chemical shifts of snapshots taken at 50 fs
intervals during the 100 ps simulation. The calculated chemical shifts are highly sensitive to fluctuations of
the molecular geometry on the time scale of molecular vibrations. However, the time-averaged chemical
shift over the full simulation results in reasonable agreement with the experimental NMR chemical shifts and
more consistent results compared with the averaged chemical shifts obtained from gas-phase optimized
conformations of the peptide. The OM3 and OM3-D methods are stable and reproduce the main features of
the experimental geometry during the 100 ps simulation.

1. Introduction

Nuclear magnetic resonance (NMR) chemical shifts are
widely recognized as one of the most important tools in
biochemical structure determination because they encode struc-
tural information about the molecule itself and its surroundings.1

A complete structural determination by NMR often requires a
combination of various parameters; however, the chemical shifts
are often critical in refining the biomolecular structure.2-5

Moreover, there is a growing use of chemical shift data in the
study of biomolecular interactions, such as ligand binding
studies, where its use as a screening tool in the lead optimization
process of drug discovery has become increasingly prevalent.6

NMR chemical shifts are sensitive to subtle changes in the
electronic structure. These include changes in the molecular
geometry, electrostatic interactions with the environment, the
formation of inter- and intramolecular hydrogen bonds, and
magnetic susceptibility effects. All of these effects are included
in a quantum mechanical (QM) description of the system, and
as such, at the QM level of theory, chemical shifts can be
calculated with reasonable accuracy. Indeed, it has been
demonstrated that 1H and 13C chemical shifts calculated using
reasonable basis sets in conjunction with density functional
theory (DFT) result in excellent agreement with experimental
values for a variety of organic molecules.7 Unfortunately the
computational cost associated with using a reasonable basis set
(typically of triple-� quality with additional diffuse and polariza-
tion functions) excludes their application to large systems (>100
atoms) or over long simulation time scales (>10 ps).

Given the desire of chemists to employ NMR techniques in
the study of larger, biological systems, empirical (molecular
mechanics (MM)) methods were developed to reproduce
measured chemical shifts by parametrization and have proven
to be useful in protein structure refinement.8,9 However, these
empirical approaches are limited in their application because

they apply only to the residues included in the parametrization
set (typically standard amino acids), and thus each new ligand
or residue needs to be parametrized from scratch.

In the current work, the stability of the middle ground between
the QM and MM approaches to calculating NMR chemical shifts
is explored. The calculation of NMR chemical shifts using
semiempirical methods has been an area of interest for some
time10 and has become more promising since the work of
Patchkovskii and Thiel, where a set of parameters specifically
for the calculation of H, C, N, and O chemical shifts was
developed with excellent results relative to experimental val-
ues.11 There have been a number of applications of this
semiempirical method with consistently reliable results for
optimized structure since its inception.12-20 Recent work by
Merz and coworkers21 has resulted in the inclusion of 19F
parameters consistent with the previous parameter set,11 and
again with impressive results given the simplifications present
in the semiempirical framework.

In previous studies at the QM and semiempirical levels of
theory, the NMR chemical shifts have been calculated primarily
on the basis of optimized structures. However, as the use of
QM/MM methods are increasingly applied to study the dynamic
behavior of compounds in solution via molecular dynamics
(MD) simulations, it is important to assess the accuracy of the
semiempirical method to predict the chemical shift values at
nonequilibrium geometries. Experimentally, chemical shift
measurements are time-averaged over a multitude of dynamic
motions that occur on a subpicosecond-to-millisecond time scale.
The effects of these motions on NMR chemical shifts can be
categorized on the basis of the time scale on which they occur,
namely, (a) the conformational changes that are observed on
the millisecond time scale and (b) the bond vibrations that occur
on the subpicosecond time scale. Previous work has investigated
the possibility of utilizing calculated chemical shift data to
differentiate between the conformational clusters that arise on
the longer time scales.22 However, the ability of the semiem-
pirical method to determine the variation of 1H and 13C NMR
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chemical shifts accurately on the much shorter time scale of
molecular vibrations has not yet been explored. For the data
obtained from a QM/MM MD simulation to be useful in the
determination of conformational effects on the chemical shifts,
the method employed must inherently be stable on the shorter
time scale to cope with the molecular vibrations that will also
be observed during the simulation. Therefore, in the current
study, the focus is on determining the stability of the method
toward the dynamic effects (b) that occur on the subpicosecond
time scale. The heptapeptide ATWLPPR is used for this case
study.

Heptapeptide ATWLPPR (A7R, Figure 1) has been identified
as a VEGF165 selective inhibitor through binding to neuropilin-1
(NRP-1), where in vivo studies indicate that this inhibition
results in decreased breast cancer angiogenesis and growth.23

The peptide represents an important lead compound in the search
for effective anticancer drugs, and as such, a detailed under-
standing of its structure and mode of interaction with NRP-1 is
vital. NMR spectroscopy of the A7R structure in solution has
recently been published and constitutes the reference data for
the current study.24

The overlay of the 20 DYANA conformers of A7R, generated
from the experimental NMR constraints (PDB ID: 2JP5),24

shows a large degree of disorder in the terminal arginine residue
(Figure 1b). If the terminal arginine residue is excluded, then
the root-mean-square deviation (rmsd) of the twenty conformers
from the average structure is only 0.42 Å. However, upon
inclusion of the arginine residue, the rmsd, relative to the average
structure, is increased to 1.22 Å. The terminal arginine group
plays a key role in the binding of A7R to NRP-1, and an induced
fit model of binding has been suggested on the basis of the

disorder of the arginine group, which results from the empirical
NMR fitting procedure.24

2. Computational Methods

The structure of the antiangiogenic heptapeptide ATWLPPR
was obtained as twenty low-energy DYANA conformers using
experimental NMR constraints (PDB ID: 2JP5).24 The first
conformer (model 1 in the PDB file) was chosen as the starting
point for the QM/MM MD simulation. The peptide is simulated
in an aqueous environment; therefore, the protonation states were
assigned accordingly (i.e., the guanidinium group of arginine
was protonated, the N-terminal (Ala-1) was assigned as CNH3

+,
and the C-terminal (Arg-7) was assigned as COO-), resulting
in an overall charge of +1 for the heptatpeptide.

The system was hydrated using the droplet model with a 25
Å sphere of equilibrated TIP3P water centered at the CR atom
of Pro-5. All waters that overlapped25 with the peptide were
deleted. The remaining water molecules were relaxed and
subsequently subjected to a molecular dynamics run for 10 ps
at 300 K using Langevin dynamics. A stochastic boundary
potential26 was used to maintain the structure of the water sphere,
whereas the peptide was frozen during both the solvent geometry
minimization and the solvent equilibration period. This hydration
procedure was performed three times. All structure preparation
calculations were carried out with the CHARMM program27-29

using the standard CHARMM force field for proteins.30

The QM/MM calculations employed the OM3 semiempirical
method31 as the QM method, either in its standard form or with
the empirical dispersion function (OM3-D) included.32 In each
case, the CHARMM force field was used for the MM part. The
modular program package ChemShell33,34 was used for all QM/
MM calculations, where the QM energy and gradients were
provided by a development version of MNDO04.35 ChemShell’s
internal force field driver using the CHARMM parameter and
topology data provided the MM energy and gradients. Electro-
static cutoffs were not employed in the QM/MM model, neither
between the QM and MM regions nor within the MM region
alone. The QM density was electrostatically embedded into the
MM environment by including the point charges from the MM
atoms into the QM Hamiltonian. The van der Waals interactions
between the QM and MM regions were handled at the MM
level, as previously described.34 The QM region was defined
as the full heptapeptide (122 atoms), and thus there are no
covalent bonds forming a QM (peptide)-MM (solvent) boundary.

In the QM/MM MD simulation, an active subset of the total
system is allowed to move, whereas the remaining atoms are
frozen. The active subset was defined from the initial complex
geometry using a distance criterion, whereby any residue that
contains an atom within 16 Å of the CR atom of Pro-5 is
included. The resulting active region contains 2063 atoms, about
one-third of the total system size 6512 atoms.

The MD simulations were performed under NVT conditions
at T ) 300 K. During the heating phase (10 ps), the temperature
was controlled by a Berendsen thermostat36 with a coupling time
of 0.1 ps. During the equilibration phase (100 ps), the Nosé-
Hoover chain thermostat,37-39 as implemented in the ChemShell
dynamics module,34 was used. All peptide hydrogen atoms were
assigned the mass of deuterium, whereas the water molecules
were kept rigid using SHAKE constraints.40 The time step for
both heating and equilibration was 1 fs.

QM geometry optimizations were performed with HDL-
COpt,41 a linear scaling, microiterative algorithm that employs
a set of hybrid delocalized coordinates, as implemented in
ChemShell. The residues defined for HDLCOpt were taken as

Figure 1. (a) Structure of heptatpeptide ATWLPPR (A7R). (b) Overlay
of the 20 lowest-energy DYANA conformers (PDB ID: 2JP5).

11724 J. Phys. Chem. A, Vol. 113, No. 43, 2009 Tuttle



the standard CHARMM residues. The optimization of the 20
DYANA conformers in the gas phase was carried out at the
OM3 and OM3-D levels of theory. The protonation state of
arginine and the terminal residues were assigned to each
conformer, as described above.

The calculation of the chemical shifts at the semiempirical
level of theory was carried out in the framework of the MNDO
Hamiltonian42 using gauge-including atomic orbitals (GIAO).43,44

The “method B” parameters developed for the calculation of
NMR chemical shifts for H, C, N, and O were employed.11 To
investigate the variation of the chemical shifts over the
simulation period, snapshots of the MD simulation were
obtained every 50 fs, after equilibration, resulting in 2000
snapshots for each simulation. The structures obtained from the
simulation underwent no further structural refinement; that is,
the NMR calculations were performed as single-point calcula-
tions on the snapshot structures. This is consistent with the goal
of the study, that is, to capture the effect of the molecular
vibrations on the chemical shift, as the gas-phase optimization/
refinement of the structures would simply result in equilibrium
values.

The NMR calculation of each snapshot was performed in the
absence of the water environment because the semiempirical
NMR chemical shifts (δ ) σref - σ) have been scaled to
reproduce the experimental chemical shifts in water from the
gas-phase calculation of the absolute isotropic shielding (σ)
through the optimization of the σref value for this environment.11

To include the electrostatic effects of the environment into the
Hamiltonian via a QM/MM approach, one should additionally
reparameterize the NMR shift parameters to account for this
perturbation in the optimization function.

The optimization of conformer 1, using DFT, was also carried
out with the HDLCOpt optimization algorithm41 implemented
in ChemShell, where the energy and gradients were provided
by TurboMole.45-48 The DFT optimizations were performed at
the RI49-BP8650-52/def2-SVP53 level of theory. The BP86
functional was augmented with the Grimme empirical dispersion
term (BP86-D),54 as implemented in ChemShell. The isotropic
shieldings were calculated using the GIAO method, as imple-
mented in Gaussian 03.55 The calculations were performed at
the B3LYP50,52,56-59/6-311++G(d,p)60,61 level of theory, which
has previously been shown to provide reliable results for NMR
chemical shifts.62 NMR calculations at the DFT level of theory
were carried out on the RI-BP86-D/def2-SVP-optimized ge-
ometries. The isotropic shieldings were converted to chemical
shifts using the calculated average 1H and 13C NMR shieldings
of tetramethylsilane (TMS) as the reference values.

3. Results and Discussion

A. Semiempirical Nuclear Magnetic Resonance Chemical
Shift Calculations on Optimized Structures. The comparison
of the calculated NMR shifts during the MD simulation assumes
that the computational method employed is able to represent
the geometric and electronic features of the system adequately.
Therefore, an initial test of the OM3 and OM3-D methods for
reproducing the peptide structure in the gas phase was carried
out, and for each optimized conformation, the 1H and 13C NMR
chemical shifts were calculated. In addition, the lowest-energy
DYANA conformer (Conf-1) was also optimized at the RI-BP86-D
level of theory to calculate the chemical shifts at the DFT level of
theory. (See the Computational Methods.) The coordinates for all
optimized geometries are available in the Supporting Information
(XYZ format).

The root-mean-square deviation (rmsd) of the backbone atoms
from the optimized structures does not deviate significantly from

the starting (DYANA) geometries obtained from the PDB file.
The OM3-D-optimized structures are, on average, slightly better
than those obtained from the OM3 optimization with an average
rmsd for the 20 conformers of 1.20 and 1.45 Å, respectively
(Table 1). Moreover, the structures obtained from OM3-D are
more consistently closer to the DYANA geometry with a
maximum backbone rmsd of 1.64 Å for Conf-8, whereas the
maximum backbone rmsd for the OM3-optimized structures is
2.48 Å (Conf-20). The inclusion of all heavy (non-H) atoms
into the alignment of the structures and the rmsd calculation
results in a clearer distinction between the OM3 and OM3-D
methods. The average rmsd for the OM3-D optimized structures
is increased slightly to 1.43 Å as a result of including the amino
acid side chains into the alignment. However, the average rmsd
of the OM3-optimized structures is increased to 2.25 Å, with a
maximum heavy atom rmsd of 3.56 Å occurring for Conf-20
(Table 1). The inclusion of the dispersion function in the OM3-D
method provides a more realistic description of the aromatic
tryptophan (Trp-3) side chain. In the OM3 description, there
are no stabilizing interactions between this side chain and the
remainder of the peptide, and as such, the side chain rotates to
allow more stabilizing interactions elsewhere in the peptide. In
the gas-phase OM3-D description, the Trp-3 side chain will
experience some weak dispersion interactions with the proximal
backbone H atoms of A7R that stabilize its orientation.

The BP86-D-optimized structure of Conf-1 is similar to that
obtained from the OM3-D optimization (compare blue and green
structures in Figure 2). The backbone rmsd for the BP86-D-
optimized structure is 1.54 Å, relative to the DYANA Conf-1
geometry, whereas the heavy atom rmsd is increased slightly
to 1.78 Å at the DFT level. The primary difference between
the BP86-D structure and the OM3-D structure is a rotation of
the N-terminal Ala-1 residue. In the BP86-D optimized structure,

TABLE 1: RMSD of the OM3- and OM3-D-Optimized
Conformers Relative to the DYANA Structuresa

conformer OM3(back) OM3-D(back) OM3(heavy) OM3-D(heavy)

Conf-1 1.14 1.11 2.36 1.21
Conf-2 1.36 1.34 2.91 1.64
Conf-3 1.22 1.14 2.36 1.56
Conf-4 1.41 1.11 3.04 1.46
Conf-5 1.26 1.16 2.09 1.92
Conf-6 1.77 1.60 2.15 1.82
Conf-7 1.90 1.40 3.19 1.48
Conf-8 1.64 1.64 1.59 1.59
Conf-9 1.50 1.54 2.05 2.21
Conf-10 1.71 1.09 2.96 1.40
Conf-11 1.02 0.85 2.07 1.00
Conf-12 1.28 0.82 2.05 1.14
Conf-13 1.15 1.07 1.55 1.31
Conf-14 1.31 1.29 1.35 1.27
Conf-15 1.64 0.98 2.71 1.06
Conf-16 1.46 1.31 2.01 1.47
Conf-17 1.37 1.35 1.39 1.33
Conf-18 1.34 1.10 2.23 1.26
Conf-19 1.01 0.99 1.46 1.11
Conf-20 2.48 1.01 3.56 1.38
averageb 1.45 1.20 2.25 1.43

a All values are in angstroms. OM3(back) and OM3-D(back)
designate the rmsd of the backbone atoms for the OM3- and
OM3-D-optimized structures, respectively, which have been aligned
with the backbone atoms of the DYANA conformer. OM3(heavy)
and OM3-D(heavy) designate the rmsd of all non-H atoms after the
OM3 and OM3-D structures, respectively, which have been aligned
with all non-H atoms of the DYANA conformer. b Average is the
mean rmsd for all 20 conformers at a given optimization and
alignment.
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the positively charged N-terminus rotates to form a strong ionic
bond (1.53 Å) with the backbone carbonyl group of the Trp-3
residue. In the OM3- and OM3-D-optimized structures, this H
bond is not present, rather the NH3

+ group forms a H bond
with the carbonyl group of its own residue (Ala-1). It has
previously been pointed out that the OMx methods generally
underestimate H-bond lengths, particularly in the case of ionic
H-bonds, as occurs in this case.63 Strong ionic H bonds are also
seen in all three of the optimized structures at the C terminus
between the carboxylate group and the H atoms on the Arg-7
side chain. These strong ionic interactions are expected because
the charged species are not well-stabilized in the gas phase.
However, these unrealistically short H bonds are unlikely to
play a role in the MD simulation, where the peptide is well-
solvated. (See below.)

The experimental 1H and 13C NMR chemical shifts are not
available for all H and C atoms in the heptapeptide. Therefore,
whereas the chemical shifts for all H and C atoms were
calculated, the discussion of the calculated chemical shifts
concentrates only on those values that are available experimen-
tally. The chemical shifts depend sensitively on the changes in
the electronic structure of the compound, which are also reflected
in variations in bond lengths and other internal coordinates. The
semiempirical NMR method was parametrized on the basis of
optimized B3LYP/6-311G** geometries, although the method
also performs well for structures optimized at the constrained
MNDO, AM1, and PM3 levels of theory.11 Therefore, the

transferability of these parameters to the OM3- and OM3-D-
optimized structures was only assessed for the Conf-1 structure.
The RI-BP86-D-optimized structure was used for the DFT NMR
calculation, which was carried out at the B3LYP/6-311++G(d,p)
level of theory.

The proton chemical shifts are predicted with reasonable
accuracy in all but one case for each of the optimized structures
(Figure 3a). For each optimized structure, the hydrogen involved
in the strong ionic H bond with the carboxylate group of the
Arg-7 (C-terminus) is strongly shifted relative to the experi-
mental value. For the OM3- and OM3-D-optimized structures,
this corresponds to the Hδ atom of the Arg-7 side chain, whereas
in the BP86-D-optimized structure, the ionic H bond is formed
with the Hε of the Arg-7 side chain. These interactions are
unlikely to exist in the fully solvated system. The mean unsigned
error (MUE) of the 1H NMR chemical shifts for Conf-1 is 0.94
ppm at the DFT level of theory. However, the standard deviation
in the unsigned errors (σUE) for the 1H NMR chemical shifts is
1.70 ppm because of the large error resulting from the ionic H
bond in this structure. If the chemical shift of the Hδ atom is
excluded from the analysis, then the MUE decreases to 0.71
ppm and σUE decreases to 0.46 ppm at the DFT level.

At the semiempirical level of theory, both the OM3- and
OM3-D-optimized geometries result in an MUE of 1.52 ppm
for the 1H chemical shifts. However, as in the case of the DFT-
optimized structure, the ionic H bond formed in the gas-phase
optimization is an outlier that strongly distorts the results (OM3:

Figure 2. Overlay of OM3-, OM3-D-, and BP86-D-optimized structures of Conf-1, with the DYANA structure. (a) Alignment of backbone atoms.
(b) Alignment of all non-H atoms. Color code: DYANA structure, red; OM3-optimized structure, silver; OM3-D-optimized structure, green; BP86-
D-optimized structure, blue.

Figure 3. DFT and semiempirical chemical shifts of the optimized Conf-1 structures as a function of the experimental chemical shifts. (a) 1H
NMR chemical shifts. (b) 13C NMR chemical shifts. BP86-D refers to the DFT chemical shifts calculated at the BP86-D optimized geometry. OM3
and OM3-D refer to the semiempirical chemical shifts calculated at the OM3 and OM3-D optimized geometries, respectively. Experimental values
correspond to the abscissa, with calculated values along the ordinate; all chemical shifts are in ppm.
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σUE ) 1.17 ppm; OM3-D: σUE ) 1.20 ppm). The exclusion of
the outlier results in a decreased MUE of 1.38 ppm for both
the OM3 and OM3-D optimized structures (OM3: σUE ) 0.53
ppm; OM3-D: σUE ) 0.56 ppm). The semiempirical NMR
method appears to systematically overestimate the calculated
chemical shielding for the OM3- and OM3-D-optimized struc-
tures. However, given the uncertainty in ascribing the experi-
mental values to any individual conformer of A7R and the
differences in the geometries of the experimental and optimized
structures (Figure 2), an MUE of 1.38 ppm is acceptable.

The 13C NMR chemical shifts for the optimized structures
of Conf-1 also reproduce the experimental values with reason-
able success (Figure 3b). The MUE for the DFT-calculated shifts
of the BP86-D-optimized geometry is 6.30 ppm (σUE ) 2.65
ppm), where the calculated values are generally larger than the
experimental results. The MUE for the semiempirical chemical
shifts are similar for the OM3- and OM3-D-optimized geom-
etries (5.26 and 5.27 ppm, respectively) and slightly lower than
the DFT results, although the distribution of the errors is larger
for the semiempirical methods (OM3: σUE ) 3.86 ppm; OM3-
D: σUE ) 3.60 ppm). Therefore, for both the 1H and 13C NMR
chemical shifts, the semiempirical method performs as well
as the DFT method, with both approaches slightly overestimat-
ing the chemical shifts for the optimized structures. Despite both
the optimization method and NMR method differing, the cal-
culated chemical shifts map closely, in all three models, onto
those obtained experimentally. The individual chemical shifts
calculated at the optimized Conf-1 geometries are available in
Table S1 of the Supporting Information.

The 20 DYANA conformers were optimized at the OM3 and
OM3-D levels of theory and the chemical shifts of each resulting
conformation were determined using the semiempirical NMR
method.11 The average chemical shifts (δAV) were determined
from the 20 optimized geometries for each atom where an
experimental chemical shift was available. The OM3- and OM3-
D-optimized geometries result in similar averaged chemical shift
values (Figure 4; for a detailed comparison, see Table S2 in
the Supporting Information) and identical trends; therefore, in
the following, only the OM3-D results are discussed.

The MUE for the averaged 1H chemical shifts (Figure 4a) is
1.52 ppm (OM3-D), which is similar to the result obtained for
Conf-1 with all H atoms included. However, the averaged 13C
NMR results (Figure 4b) are slightly more favorable (MUE(OM3-
D) ) 5.04 ppm) than those obtained from the single Conf-1
structure. The lack of improvement in the 1H NMR results is
again due to the presence of the ionic H bond. However, the H

atom involved in forming the ionic H bond varies between the
different optimized conformers. In each case, this H atom
experiences an unrealistic environment, relative to the experi-
mental situation, and as such, there is a strong deviation between
the calculated and experimental shift for the atom. Because the
carboxylate is able to form a strong ionic interaction with
different H atoms, depending on the starting conformation for
the optimization, the 1H chemical shifts for the H atoms
proximal to the carboxylate of Arg-7 are negatively affected
by the averaging procedure. Therefore, whereas the error is not
localized to a single H atom, as in the case of Conf-1, the MUE
is comparable, whereas the σUE is decreased to 0.72 ppm.

The variation in the 1H chemical shifts value of a given atom
for the different conformers is evidenced in the standard
deviation of the chemical shifts for that atom (σδ). The largest
1H σδ, for the OM3-D-optimized geometries, is 3.03 ppm (49%
of the δAV), which occurs for the Hε atom of Arg-7 (δAV )
6.20 ppm). In contrast, the 13C chemical shifts have relatively
small standard deviations across the 20 optimized geometries,
where the maximum σδ is 2.47 ppm (4% of the δAV), which
occurs for the CR atom of Arg-7 (δAV ) 59.5 ppm). Given the
large variation in the proton chemical shifts and the tendency
of the structures to form ionic H bonds when optimized in the
gas phase, it is clear that these gas-phase optimized structures
are not reliable models for representing the solution phase
structure from which the experimental values have been
determined. In the following section, the effect of explicitly
including solvent on the structure of the peptide is considered.

B. Time Evolution of Semiempirical Nuclear Magnetic
Resonance Chemical Shifts. i. Structure. The lowest-energy
model of the DYANA structures (Conf-1) was used as the
starting structure for the MD simulation of the peptide in solvent.
A7R was fully solvated in a sphere of TIP3P water molecules,
and the system was allowed to equilibrate for 10 ps. Following
this initial equilibration period, the MD simulation was carried
out for a further 100 ps production run, as described in the
Computational Methods section. Irrespective of the QM method
applied in the simulation, the structure of the heptapeptide is
clearly flexible; the rmsd (relative to the NMR structure) during
the simulation is 2.609 Å at the OM3/CHARMM level of theory
and 2.330 Å at the OM3-D/CHARMM level of theory (Table
2). In both the OM3 and OM3-D QM/MM MD simulations,
the structure retains is extended conformation. The main
noticeable deviation in the equilibrated structure, relative to the
NMR structures, is the rotation of the Trp-3 side chain. At the
OM3-D level, the Trp-3 residue has an rmsd of 3.224 Å (Table

Figure 4. Averaged semiempirical chemical shifts for the 20 optimized conformers of A7R, as a function of the experimental chemical shifts. (a)
1H NMR chemical shifts. (b) 13C NMR chemical shifts. OM3 and OM3-D refer to the average semiempirical chemical shifts calculated from the
OM3- and OM3-D-optimized geometries, respectively. Experimental values correspond to the abscissa, with calculated values along the ordinate;
all chemical shifts are in ppm.
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2), this corresponds to a rotation of the side chain from a closed
position into a more solvent-exposed orientation. The driving
force for this rotation is the ability of the side chain to form
T-stacking interactions with water molecules on both sides of
the aromatic ring, which are limited to one face in the closed
structure.

The OM3-D method includes the accurate modeling of
dispersion interactions between QM and QM atoms.32 Therefore,
if the closed conformation had dominant dispersion interactions
between peptide atoms, then the mobility of the Trp-3 side chain
aromatic ring would be decreased within the OM3-D/CHARMM
description. However, the rmsd value for the Trp-3 actually
increases for the OM3-D/CHARMM QM/MM method, relative
to the OM3/CHARMM results, indicating that when solvated,
the intramolecular dispersion interactions are not competitive
with those formed between the Trp-3 ring and the water
molecules. Visual inspection of the system confirms that the
stacking interactions between the proximal proline residues and
the Trp-3 side chain are less numerous than those obtained with
solvent molecules because of steric constraints imposed by the
peptide backbone.

At the OM3/CHARMM level, the Pro-6 residue, adjacent to
the terminal arginine residue, also displays a high degree of
flexibility. There is a concerted rotation about the backbone for
the two residues (Leu-4 and Pro-6) adjacent to the central proline
(Pro-5). This is reflected in the larger rmsd values for these
residues at the OM3/CHARMM level, whereas no such rotation
is observed at the OM3-D/CHARMM level of theory. In both

simulations, the terminal arginine residue (Arg-7) is reasonably
mobile (rmsd ) 2.171 Å, OM3; rmsd ) 2.413 Å, OM3-D; Table
2). However, because the positively charged guanidinium group
is well-solvated in the extended structure, the mobility of the
residue does not correspond to the formation of intramolecular
ionic H bonds, as observed in the gas-phase optimized structures.

ii. Time-AWeraged Nuclear Magnetic Resonance Chemical
Shifts. The experimental NMR time scale is typically on the
order of 10-3 s (ms), which is several orders of magnitude longer
than the time scale investigated during the MD simulation, 10-10

s (100 ps). However, before one is able to address the
conformational changes that occur on the ms time scale, the
method employed must be stable toward molecular vibrations
that occur on the subpicosecond time scale. Nonetheless, to
compare the calculated chemical shifts with the experimental
data, the average chemical shift from all snapshots is employed
with the understanding that this does not represent a complete
ensemble over the possible conformers of the peptide.

The time scale for individual bond vibrational motions is on
the 10-15 s (fs) time scale, which is accessible in the current
simulation that employs a 1 fs time step. The vibration of bonds
involving H atoms is indeed faster than the 1 fs time scale would
accurately model; however, rather than using a rigid constraint
on the bonds involving H atoms, the mass of deuterium was
substituted, which provides both flexibility to the X-H bonds
and the possibility of using the larger (1 fs) time step. The
snapshots, taken every 50 fs, provide a window into the effect
of molecular vibrations on the magnitude of the NMR chemical
shifts.

The time-averaged chemical shifts (δTAV) from Figure 5 are
calculated as the average value of the chemical shift for each
atom from the 2000 snapshots taken during the 100 ps MD
simulation, that is, after the 10 ps equilibration period. The
results of the OM3/CHARMM and OM3-D/CHARMM simula-
tions are similar. (See Table S3 in the Supporting Information
for a detailed comparison.) Therefore, in the following, only
the results of the OM3-D/CHARMM simulation are discussed.
The MUE of the 1H δTAV values is slightly decreased, rela-
tive to the MUE obtained for the optimized conformers
(MUE(δAV)), to 1.44 ppm from the OM3-D/CHARMM simula-
tion (Figure 5a), and the distribution of the unsigned errors (σUE

) 0.57 ppm) is also improved. As was observed for the gas-
phase optimized systems (Figure 4a), the semiempirical NMR
method tends to overestimate the value of most of the 1H NMR
chemical shifts. Moreover, this overestimation is more consistent
in the δTAV results (Figure 5a) relative to δAV (Figure 4a), an

TABLE 2: RMSD of the Full Peptide (A7R) and Its
Constituent Residues, Excluding H Atomsa

rmsd(OM3) σ(OM3) rmsd(OM3-D) σ(OM3-D)

A7R 2.609 0.616 2.330 0.457
Ala-1 2.003 0.647 1.537 0.556
Thr-2 1.871 0.594 1.420 0.547
Trp-3 2.887 0.505 3.224 1.042
Leu-4 3.052 0.646 1.972 0.536
Pro-5 1.947 0.745 1.541 0.499
Pro-6 3.317 1.578 1.679 0.584
Arg-7 2.171 0.461 2.413 0.586

a rmsd is the average of the rmsd values, relative to the NMR
structure, for the 2000 snapshots of the 100 ps production
simulation. σ is the standard deviation of the rmsd values during the
simulations. (OM3) refers to the QM/MM MD simulation, where
QM ) OM3; (OM3-D) refers to the QM/MM MD simulation,
where QM ) OM3-D. In both simulations, MM ) CHARMM.

Figure 5. Time-averaged NMR chemical shifts from the MD simulation of A7R. (a) 1H NMR chemical shifts. (b) 13C NMR chemical shifts. OM3
and OM3-D refer to the averaged semiempirical chemical shifts calculated from the OM3/CHARMM and OM3-D/CHARMM MD simulation
snapshots, respectively. Experimental values correspond to the abscissa, with calculated values along the ordinate; all chemical shifts are in ppm.
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Figure 6. Time evolution of NMR chemical shifts for (a) H46: UE ) 0.01 ppm; (b) H63: UE ) 1.44 ppm; and (c) H59: UE ) 2.55 ppm. Left:
Variation in the 1H NMR chemical shift as a function of time over the 100 ps simulation. Right: Distribution (bin width ) 0.5 ppm) of the
calculated chemical shifts for the 2000 snapshots taken at 50 fs intervals during the simulation.
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observation that is quantitatively expressed in the lower σUE

value. The exception to this systematic overestimation is the
cluster of results around 7.0-7.5 ppm, which corresponds to
the H atoms on the aromatic Trp-3 side chain. The semiempirical
method performs remarkably well for the aromatic subset of
atoms, with an MUE of 0.35 ppm.

The time-averaged 13C chemical shifts again reproduce the
experimental values reasonably well (Figure 5b). The MUE of
the 13C δTAV is 5.24 ppm, which is slightly larger than the MUE
obtained for the optimized conformers (δAV ) 5.04 ppm).
However, the distribution of the errors is marginally improved
(σUE ) 3.38 ppm) as a result of the simulation in the aqueous
environment.

The similarity in the calculated average chemical shifts from
the 20 DYANA conformers and the time-averaged chemical

shifts, δAV and δTAV, respectively, is surprising. This result
suggests that either the conformational sampling in the 100 ps
simulation is sufficient to cover the various conformers obtained
from the DYANA analysis or that the semiempirical method is
insensitive to the changes in the molecular geometry that occur
on these time scales. To address this question, the following
section investigates the time dependence of individual 1H and
13C chemical shifts for the atoms that have the smallest, mean,
and largest unsigned errors from their respective sets.

iii. Time-Dependence of Nuclear Magnetic Resonance
Chemical Shifts. The time dependence of the chemical shifts
considers how the local fluctuations that occur for the molecular
geometry on a femtosecond time scale (e.g., bond stretching,
angle bending, etc.) as well as larger conformational changes
in the structure (e.g., bond rotations, although in the current
simulation, these are largely unsampled) influence the overall
measured NMR chemical shift. To determine whether there is
a relationship between these changes on the femtosecond time
scale and the unsigned error in the resulting average value, the
time evolution of representative cases is discussed below for
both the 1H and 13C NMR results from the simulation of A7R.
The representative H and C atoms were chosen to cover the
ranges in the unsigned errors for the 1H and 13C time-averaged
chemical shifts: H46 (H� of the Trp-3 side chain, UE ) 0.01
ppm); H63 (Hδ of the Leu-4 side chain, UE ) 1.44 ppm); and
H59 (Hγ of Leu-4 side chain, UE ) 2.55 ppm) for the H atoms
and C90 (C� of the Pro-6 side chain, UE ) 0.48 ppm); C108
(Cδ of the Arg-7 side chain, UE ) 5.28 ppm); and C58 (Cγ of
the Leu-4 side chain, UE ) 13.89 ppm) for the C atoms.

Inspection of the left panels of Figure 6 reveals that there is
a high degree of variability in the chemical shift during the MD
simulation. For a given proton, the chemical shift varies by as
much as 10 ppm between different snapshots. The linear
relationship between the chemical shift and the bond length
(Figure 7) indicates that these large changes in the chemical
shift primarily correspond to the stretching vibrations associated
with the XsH bonds. The proton will experience a smaller shift
when the XsH bond is contracted and a larger shift when it is
extended. However, the time that the proton spends at the
extremes of the bond is relatively short, which is reflected in
the accompanying histograms in the rights panels (Figure 6).
The histogram analyses of the calculated chemical shifts show
a qualitatively normal distribution about the average values for
the chemical shifts. This is consistent with the suggestion that
the primary cause for the variation in the chemical shifts is the
vibration of the bond; that is, the proton will spend the largest
amount of time at, or around, the equilibrium position. The
correlation coefficient is close to unity in each case (H46: 0.99;
H63: 0.99; H59: 0.98). Clearly bending vibrations and interac-
tions with neighboring nuclei will also influence the calculated
chemical shift. However, the strong correlation between the bond
length and the chemical shift indicates that the bond stretching
vibration is the primary cause of the observed large fluctuations.

The large variations observed in this simulation differ from
those reported previously in MM studies of the time evolution
of NMR proton chemical shifts.64,65 However, it is important to
note that in these studies, only nonlocal contributions to the
chemical shielding were considered. Moreover, the previously
performed MM studies focused only on the proton chemical
shifts, and in both cases, the H positions were either constrained
or the H atoms were excluded from the simulation (using an
extended atom approach) and subsequently added to the structure
using the equilibrium values for bond lengths, angles, and so
on. In either case, the variation in the relative H position is

Figure 7. Correlation between the calculated chemical shift and the
C-H bond length for (a) H46, (b) H63, and (c) H59.
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excluded from the analysis, and it is only the changes in the
environment to the proton, the nonlocal contributions to the

chemical shielding, that affect the chemical shift. Therefore, in
the current work, the smaller variations in the chemical shifts

Figure 8. Time evolution of NMR chemical shifts for (a) C90: UE ) 0.48 ppm; (b) C108: UE ) 5.28 ppm; and (c) C58: UE ) 13.89 ppm. Left:
Variation in the 13C NMR chemical shift as a function of time over the 100 ps simulation. Right: Distribution (bin width ) 2.0 ppm) of the
calculated chemical shifts for the 2000 snapshots taken at 50 fs intervals during the simulation.
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that were observed in the previous studies are clearly swamped
by the much larger variations in the chemical shielding that arise
from the molecular vibrations.

There is no clear relationship between the standard deviation
of the chemical shifts values about the average value (δTAV)
and the resulting UE for the average value of the chemical shift,
relative to the experimental reference value (δref). The H46 atom
(δTAV ) 7.48 ppm, δref ) 7.488 ppm) has a UE of only 0.01
ppm; however, the standard deviation of the chemical shift
values during the simulation (σH46 ) 1.29 ppm) is comparable
to those atoms with larger UEs. H63 (δTAV ) 2.30 ppm, δref )
0.855 ppm) has a UE of 1.44 ppm, with only a marginally higher
variation of the chemical shift during the simulation (σH63 )
1.46). Finally, the proton with the largest UE (2.55 ppm), relative
to the experimental value, is H59 (δTAV ) 4.03 ppm, δref )
1.485 ppm); however, the variation in the chemical shift for
this atom is slightly smaller (σH59 ) 1.44) than that observed
for H63, which has a smaller UE. Within the set of proton
chemical shifts, there is also no clear relationship between the
variation in the chemical shieldings over time and the magnitude
of the time-averaged chemical shift. On the contrary, the
standard deviation in the chemical shift is relatively consistent
(σAV ) 1.50 ppm, σσ ) 0.12 ppm) across the range of 1H
chemical shifts, which is consistent with the dependence of the
variation on the molecular vibrations that will remain relatively
constant for the XsH bonds.

The variation of the 13C NMR chemical shifts during the MD
simulation follows a pattern similar to that of the 1H NMR chemical
shifts. The magnitude of the standard deviation for the 13C NMR
chemical shifts is larger than that observed for the 1H NMR
chemical shifts; however, as in the 1H NMR shifts, the standard
deviation is consistent within the set of 13C NMR chemical shifts
(σAV ) 4.8 ppm, σσ ) 0.4 ppm). The variation in the chemical
shift again appears to depend on the local molecular vibrations;
however, because the carbon atom can accommodate up to four
bonds, the correlation with a single bond length is no longer
informative. As observed for the 1H NMR chemical shifts, there
is no clear relationship between the standard deviation of the
chemical shift values about the average value (δTAV) and the
resulting UE for the average value of the chemical shift. For
example, the C90 atom (δTAV ) 32.0 ppm, δref ) 31.5 ppm)
has a UE of 0.5 ppm, whereas the standard deviation of the
chemical shift values during the simulation (σC90 ) 4.6 ppm)
is comparable to C58 (δTAV ) 40.4 ppm, δref ) 26.5 ppm),
which has a standard deviation of (σC58 ) 4.3 ppm). C108 (δTAV

) 48.2 ppm, δref ) 42.9 ppm) has a slightly larger standard
deviation (σC108 ) 5.1 ppm), although it is still within one
standard deviation of the mean.

4. Conclusions

The current work highlights the variability of the calculated
chemical shift over the short time scale of molecular vibrations
that are experienced during a molecular dynamics simulation.
In the case of 1H NMR chemical shifts, the calculated values
were found to fluctuate by up to 10 ppm between snapshots,
whereas the 13C NMR chemical shift fluctuations were as large
as 40 ppm. These fluctuations can be attributed to the molecular
vibrations that occur on these time scales. Despite the magnitude
of these vibrations, the time-averaged chemical shifts are able
to reproduce the experimental values with reasonable accuracy
given the lack of conformational sampling, as long as an
appropriately large ensemble of the structures is selected to
obtain an equilibrium value for the molecular vibrations. Clearly,
if individual snapshots of the simulation are viewed in isolation,

then the calculated chemical shifts may provide wildly different
results than those obtained experimentally.

The systematic overestimation of the 1H and 13C NMR
chemical shifts that remain can be attributed to either method-
ological error that arises from the necessary simplifications in
the semiempirical framework or, alternatively, from an insuf-
ficient sampling period. The time-averaged chemical shifts
calculated in this work concentrate on the effect of molecular
vibrations on the measured chemical shifts with only minor
conformational changes occurring during the simulation. How-
ever, because experimental chemical shifts are measured on the
millisecond time scale, there will be a number of conformers
that will also contribute to the experimental value. However,
the time scales required to investigate these larger changes were
not the focus of the current work.

The time-averaged chemical shifts improve upon the average
chemical shifts that are obtained from the optimized structures
of low-energy conformers. Whereas the MUE of the time-
averaged chemical shifts is comparable to that obtained for the
average of the optimized conformers, the variability in the errors
is decreased as a result of the simulation. The decreased
variability is attributed to the removal of unrealistic features in
the gas-phase optimized structures (strong intramolecular H
bonds) during the simulation. Therefore, gas-phase optimized
structures should be used only in conjunction with appropriate
constraints that more closely model those imposed by the
environment.

The OM3 and OM3-D QM methods, in combination with
the CHARMM MM method, provide a reliable description of
the dynamics of the heptatpeptide in solution over the 100 ps
QM/MM simulation. The semiempirical NMR method is also
able to provide accurate results for the nonequilibrium structures
that are encountered during the simulation, such that the resulting
time-averaged chemical shifts are comparable to the experi-
mental values.
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