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ABSTRACT

The internal dynamics of proteins occurring on time scales from picoseconds to nanoseconds can be sensitively probed by nuclear magnetic
resonance (NMR) spin relaxation experiments, as well as by molecular dynamics (MD) simulations. This complementarity offers unique
opportunities, provided that the two methods are compared at a suitable level. Recently, several groups have used MD simulations to compute
the spectral density of backbone and side chain molecular motions and to predict NMR relaxation rates from these. Unfortunately, in the case
of methyl groups in protein side chains, inaccurate energy barriers to methyl rotation were responsible for a systematic discrepancy in the
computed relaxation rates, as demonstrated for the AMBER ff99SB∗ -ILDN force field (and related parameter sets), impairing quantitative
agreement between simulations and experiments. However, correspondence could be regained by emending the MD force field with accurate
coupled cluster quantum chemical calculations. Spurred by this positive result, we tested whether this approach could be generally applicable,
in spite of the fact that different MD force fields employ different water models. Improved methyl group rotation barriers for the CHARMM36
and AMBER ff15ipq protein force fields were derived, such that the NMR relaxation data obtained from the MD simulations even now display
very good agreement with the experiment. Results herein showcase the performance of present-day MD force fields and manifest their refined
ability to accurately describe internal protein dynamics.
Published under license by AIP Publishing. https://doi.org/10.1063/1.5135379., s

I. INTRODUCTION
Nuclear magnetic resonance (NMR) spectroscopy is a powerful technique to study the dynamics of proteins on different time
scales in a site-specific manner. In solution, fast dynamics on the ps–
ns time scale can be probed with NMR relaxation.1–5 In relaxation
experiments, the dynamics of a bond is measured in terms of relaxation rates, which characterize the relaxation in time of the ensemble
of involved nuclear spins after a perturbation. At the same time,
molecular dynamics (MD) simulations can computationally study
the dynamics of proteins at the atomic scale. The combination of
NMR spectroscopy and MD simulations is, therefore, very powerful
and has been used to scrutinize and improve on both methods; see,
e.g., Refs. 6–23.
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The interpretation of the dynamics of a bond in a protein from
NMR relaxation is typically done in terms of the square of the generalized order parameter, S2 , and an associated correlation time, τ f .
Lipari and Szabo24,25 formulated such a simplified motional model
based on the assumption that the global tumbling motion of the
protein and the internal motion of the bond are statistically independent. While this model is usually adequate for most of the backbone bonds in more structured regions of a protein, slow internal
motions on time scales that are similar to that of overall tumbling
challenge the validity of this model. In order to establish a quantitative connection between MD simulations and NMR relaxation
experiments, it is, therefore, desirable to compare the dynamics of
protein bonds directly at the level of the time correlation function
(TCF), C(t), and its Fourier transform, the spectral density J(ω),
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because these describe the dynamics without the need to invoke
a motional model or a particular functional form of J(ω). While
the full C(t) can be obtained directly from MD simulations, NMR
relaxation experiments sample specific points of the spectral density function at distinct combinations of the Larmor frequencies of
the involved spins. The descriptive power of spectral densities from
NMR relaxation experiments can be increased by measuring at multiple field strengths, which yields additional spectral density points,
or by field shuttling.26–28 However, these approaches are demanding and necessarily constrained to a limited number of discrete
points.
On the computational side, the predictive power of MD simulations depends on sufficient sampling of the relevant phase space
and the accuracy of the underlying potential energy function. The
first describes the conformational space explored within the simulation time t sim and limits the usability of MD simulations to accurately probe processes that occur on time scales that are shorter
than t sim . The latter aspect concerns the force field. Recent improved
protein force fields29–35 capture the dynamics of protein backbone
amide bonds, as, e.g., probed by NMR through order parameters
S2NH or relaxation rates,36 with high accuracy. However, a comparably reliable prediction of dynamical parameters of side chains by
MD is more demanding.7,10,16,37–39 This is especially the case for
the motions of methyl groups in side chains because their internal
dynamics results from the convolution of fast and slow dynamics on time scales that range from ps to many ns and sometimes
beyond. For example, measured NMR deuterium relaxation rates
of methyl groups in 13 C-, fractionally 2 H-labeled proteins report on
reorientational motions of 13 C–2 H bond vectors on time scales faster
than the overall tumbling of the molecule, including bond librations and jumps between rotamer states of the respective side chain
χ dihedral angles between atoms that connect the methyl group to
the backbone. The presence of such additional motions on slower
time scales is well-documented and confirmed by scalar coupling
measurements.40,41
Although considered difficult,9,10,42,43 quantitatively capturing
the time scales of methyl rotation by MD simulation is an area where
comparison to experiment has been very fruitful. For example,
for alanine residues in the CHARMM22 force field, improvements
were made by reducing the methyl rotation barriers.42,43 Similarly,
rotation of the methyl groups in the AMBER ff99SB∗ -ILDN31–33
force field (and related force fields with the same set of dihedral
angle parameters) was improved by adjusting the methyl dihedral
angle parameters against high-level coupled cluster singles, doubles,
perturbative triples [CCSD(T)] electronic structure calculations,15
which are considered a gold standard in quantum chemistry.44,45
Here, we extend our previous work15 and reparameterize the energy
barriers of methyl group rotations in the AMBER ff15ipq34 and
CHARMM3629 protein force fields against CCSD(T) calculations.
To check and validate the revised force field parameters, we apply
these two reparameterized force fields and compare them to our previous results15 obtained with the AMBER ff99SB∗ -ILDN force field
(also with revised methyl rotation barriers). Furthermore, we apply
the methodology presented by Chen and co-workers36,46 to compute
the protein rotational diffusion via molecular orientations expressed
as quaternions and present an extension to side chain methyl groups.
The small protein ubiquitin was used as a model system because
NMR relaxation data are available for both backbone and side
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chains. Our simulations demonstrate that the dynamics of backbone
amide bonds and of side chain methyl groups can be nearly quantitatively predicted by the MD simulations, using energy barriers for
methyl rotation derived from accurate ab initio quantum chemical
calculations.
II. THEORETICAL BACKGROUND
Relaxation rates depend on the spectral density function at
specific Larmor frequencies ωN , ωH , and ωD of 15 N, 1 H, and 2 H,
respectively. For amide 15 N–1 H bonds in the protein backbone, the
relaxation rates R1 and R2 , which are the inverse of the longitudinal
(or spin-lattice) relaxation time T 1 and of the transverse (or spinspin) relaxation time T 2 , respectively, and the 15 N{1 H} steady-state
heteronuclear nuclear Overhauser effect (NOE) are given by47
R1 = fDD [J(ωH − ωN ) + 3J(ωN ) + 6J(ωH + ωN )] + fCSA J(ωN ),
(1)
1
R2 = fDD [4J(0) + J(ωH − ωN ) + 3J(ωN ) + 6J(ωH )
2
1
+ 6J(ωH + ωN )] + fCSA [4J(0) + 3J(ωN )] + Rex ,
(2)
6
fDD γH
NOE = 1 +
[6J(ωH + ωN ) − J(ωH − ωN )].
(3)
R1 γN
In these equations, f DD and f CSA are prefactors from dipole–dipole
interactions of the involved spins and from the chemical shift
anisotropy (CSA) tensor,
̵ N γH 2
1 μ0 hγ
fDD = (
),
(4)
3
4 4πrNH
1
fCSA = ω2N Δ2CSA ,
(5)
3
where μ0 is the vacuum permeability, h̵ is the reduced Planck constant, rNH is the amide bond length, γN and γH are the gyromagnetic
ratios of 15 N and 1 H, respectively, and ΔCSA = −170 ppm is the 15 N
chemical shift anisotropy. Rex in Eq. (2) is the exchange contribution
to R2 . Note that unlike Chen and co-workers,36 we included the prefactor of 2/5 in the J(ω) definition48 rather than into f DD and f CSA .
Although the CSA is often assumed to be uniform along the protein
backbone, several reports have shown that variations exist, and in
some instances, these may be large.49,50 This fact is often not considered. In addition, R2 may contain contributions from microsecond to millisecond time scale dynamics that modulate the isotropic
shielding constant. Their presence needs confirmation or separation
through additional experiments.51
While spin relaxation of the 15 N nucleus is mainly driven by
its dipolar coupling to the bonded 1 H and through 15 N chemical shift anisotropy, deuterium relaxation is solely due to interactions between the electric field gradient eq and the 2 H nuclear
quadrupole moment eQ, and this interaction varies by less than 0.5%
between methyl groups in proteins.52 The longitudinal and in-phase
transverse relaxation rates of 13 C–2 H bonds in methyl groups are
given by
2

R(Dz ) =

3 qQe2
( ̵ ) [J(ωD ) + 4J(2ωD )]
16
h

(6)
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are uncoupled, they can be described by exponential functions in
the internal TCF,

and
R(Dy ) =

2

2

1 qQe
( ̵ ) [9J(0) + 15J(ωD ) + 6J(2ωD )],
32
h

(7)

respectively. The spectral density J(ω) is the Fourier transform
(power spectrum) of the time correlation function (TCF),
J(ω) = ∫

0

∞

C(t) e−iωt dt.

(8)

The total TCF includes the dynamics of all motions of the bond
⃗ 0 . In general, three types of
relative to the external magnetic field B
motions can be extracted: the global motion of the protein represented by an overall TCF CO (t), the internal motion of the bond
represented by an internal TCF Cint (t), and quantum mechanical
zero-point vibrations represented by a constant factor ζ. The latter describes motions from quantum effects that cannot be captured
in a classical MD simulation. The zero-point vibration affects the
TCF of amide bonds and was captured by setting ζ to (1.02/1.041)6
≈ 0.885.53 For 13 C–2 H bonds of methyl groups, ζ = 1 because the
literature values of the quadrupolar tensor correspond to already
libration-averaged values. If all three motions are statistically independent, the total TCF factorizes as
C(t) = ζ ⋅ CO (t) ⋅ Cint (t).

(9)

The TCF of overall motion CO (t) describes that the bond vector
moves together with the entire protein. If the protein has a nonspherical shape, diffusion has to be described by an anisotropic
diffusion tensor. For most proteins, an axially symmetric tensor is
sufficient.54 In this model, the diffusion tensor is represented by the
values along directions parallel (D∥ ) and perpendicular (D ) to the
principal axes of the diffusion tensor. These values can be extracted
from MD simulations by calculating the time scales of exponential
fits of the eigenvalues of the rotation matrix with respect to a reference structure. The values can be converted to components of the
overall TCF,
CO (t) = ∑i=1 di e−Di t ,
3

(10)

with D1 = 6D , D2 = 5D + D∥ , and D3 = 2D + 4D∥ . The
prefactors di include the component μ∥ of the N–H or C–Cmethyl
(S–Cmethyl for MET) bond vector ⃗
μ in the direction of the parallel axis
of the principal axis frame (PAF) of the protein, d1 = (3μ2∥ − 1)2 /4,
d2 = 3μ2∥ (1−μ2∥ ), and d3 = 3(1−μ2∥ )2 /4. If the protein has a spherical
shape, the overall time correlation function is described by a single
exponential decay,
1
CO (t) = e−t/τR ,
5

(11)

with 1/τ R = 6Diso . The internal TCF Cint (t) results from a superposition of several motions. For many amide bonds in structured
regions, internal motions are dominated by fast librational motions.
Bonds in disordered regions can have motions on a broader range
of time scales. The dynamics of methyl bonds in long side chains are
often complex as they include fast librational motions, the rotation
of the methyl group around its symmetry axis, and rotamer jumps
around side chain χ dihedral angles. Assuming that these motions
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N

Cint (t) = S2 + ∑ Ai e−t/τi .

(12)

i=1

The two-parameter Lipari–Szabo (LS2) model24,25 is commonly used
to fit NMR relaxation data. In its simplest form, the internal TCF is
fitted with two parameters, S2 and the correlation time τ f . This corresponds to N = 1, A1 = (1 − S2 ), and τ 1 = τ f in Eq. (12). For the
determination of the methyl axis order parameter S2axis , one replaces
S2 by S2axis /9, which is the theoretical value obtained from complete motional averaging due to rotation around the three-fold axis,
assuming ideal tetrahedrality. Equation (12) shows the general definition of the order parameter as the long-time limit of the internal
TCF,
S2 = lim Cint (t).

(13)

t→∞

In practice, NMR relaxation experiments can only detect motions
on time scales up to approximately τ R . Furthermore, it is not possible to separate overall and internal motions in a solution NMR
relaxation experiment, re-emphasizing the necessity of a simplified
motional model such as the Lipari–Szabo formalism. MD simulations, however, are able to separate these motions. In MD, the TCFs
can be calculated from the orientation of the vector at different
times via
C(t) = ⟨P2 [⃗
μ(0) ⋅ ⃗
μ(t)]⟩.

(14)

In this formula, P2 [x] = (3x2 − 1)/2 is the second Legendre polynomial, ⃗
μ(t) is the unit vector of the bond at time t, and ⟨. . .⟩ indicates
the average over all time step differences t. The total TCF describes
the reorientation motion of the bond in the laboratory frame. Internal motions are obtained by superimposing the trajectory frames to
a reference structure. Combining Eqs. (8)–(10) and (12) yields the
spectral density,
⎡ 2
⎤
N
3
⎢ S Di
Aj (Di + 1/τi ) ⎥
⎥
J(ω) = ζ ∑ di ⎢
⎢ D2 + ω2 + ∑ (D + 1/τ )2 + ω2 ⎥.
⎥
i
i
j=1
i=1 ⎢
i
⎣
⎦

(15)

III. COMPUTATIONAL METHODS
A. Reparameterization of methyl rotation
energy barriers
We reparameterized the force constants (amplitudes) of the
dihedral angle potential energy terms describing the rotation of
methyl groups of all methyl-containing amino acid side chains in
the AMBER ff15ipq34 and CHARMM3629 protein force fields. The
general form of the dihedral energy function in the force fields is
V dih = kdih [1 + cos(3ϕ)], with the dihedral angle ϕ describing the
rotation of the methyl group around its three-fold symmetry axis.
Note that changing kdih does not affect the energy minima and, thus,
has a negligible effect on the equilibrium distributions but merely
changes the rate of methyl rotation, i.e., smaller kdih (smaller barrier)
leads to faster interconversion between the (symmetry-equivalent)
rotameric states of the methyl group without significantly changing
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the width of the wells. Due to the position of the methyl groups
at the end of the side chains, changing the methyl rotation barriers does not influence other dihedral angles. To adjust kdih , the
same procedure was adopted as in our previous work15 in which
we reparameterized the methyl rotation barriers in the AMBER
ff99SB∗ -ILDN force field. In brief, relaxed potential energy surface (PES) scans around the dihedral angles describing methyl rotation were performed for blocked dipeptides, ACE-X-NME, of the
methyl-containing amino acids (X = ALA, MET, THR, VAL, LEU,
ILE) in vacuo to obtain the adiabatic energy profiles. During these
relaxed PES scans, which were performed at the M06-2X/pVDZ
density functional level,55–57 the dihedral angle describing methyl
group rotation was constrained and incremented in steps of 5○ ,
while all other degrees of freedom were relaxed. To obtain the reference energy barriers that were matched as closely as possible during force field reparameterization, single-point energies were calculated with the CCSD(T)/cc-pVTZ coupled cluster method for several
minimum-energy structures as well as structures close to the energy
maxima. To obtain the corresponding PES for methyl rotation with
the force field, energy minimizations of the blocked dipeptides
in vacuo were carried out with GROMACS version 5.0.658 compiled
in double precision. 100 000 steps of conjugate gradient minimization were carried out and to increment the methyl rotation dihedral
angle in 5○ steps a stiff harmonic dihedral angle restraint with force
constant 20 000 kJ/(mol rad2 ) was applied (the contribution of this
restraint to the potential energy was less than 0.1 kJ/mol for any of
the final minimized structures but was nevertheless excluded). The
force field energy minimizations were carried out with bond length
constraints, which were treated with LINCS59 with the number of
matrices in the expansion for matrix inversion and the number of
iterations to correct the rotational bond lengthening set to 12 and 8,
respectively. The minimum-energy structures of the blocked dipeptides obtained with the force fields are similar to the ones from
the quantum chemical calculations; see Table SI and Fig. S1 in the
supplementary material.
The sensitivity of the computed energy barriers to conformation, in particular, side chain rotamer preference, was also assessed.
In our previous work,15 the following side chain rotamer states were
chosen: χ 1 , χ 2 , χ 3 = (m, t, t) (gauche−, trans, trans) for MET, (p)
(gauche + ) for THR, (t) for VAL, and (m, t) for LEU and ILE. These
states were selected based on their occurrence in high-resolution
structures deposited in the Protein Data Bank, as analyzed by Lovell
and co-workers,60 8% (MET-m,t,t), 49% (THR-p), 73% (Val-t), 59%
(LEU-m,t), and 60% (ILE-m,t). In other words, the methyl group
rotation energy barriers in the force field were parameterized based
on only one of the (in principle, many) possible side chain states,
assuming that the energy barriers in other rotamer states are equally
accurately described. In the present work, we explicitly tested this
assumption and investigated the dependence of the methyl rotation barriers on peptide conformation. To this end, we extended the
quantum chemical calculations to the following rotamer states (populations60 given in brackets): MET-m,m,m (19%), THR-m (43%),
VAL-m (20%), LEU-t,p (29%), and ILE-m,m (15%). In this way,
the predominant side chain rotamers were considered. In addition, for ALA, an α-helical backbone dihedral (ϕ, ψ) conformation was evaluated. These alternative conformers were used as an
independent a posteriori check. Our results (see below) show that
the methyl rotation barriers derived for the single conformers are
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transferable, confirming the accuracy and robustness of the force
field adjustments.
B. MD simulations
MD simulations were carried out with GROMACS version
5.0.6.58 The setup was identical to previous simulations15 with the
ff99SB∗ -ILDN/TIP4P-2005 force field. The x-ray crystal structure of
ubiquitin (PDB 1UBQ)61 was centered in a cubic periodic simulation cell with a box vector length of 7.94 nm. We note in passing that
the finite box-sized correction to the rotational diffusion constant,
kB T/(6ηV box ) with η being the solvent viscosity and V box being the
volume of the periodic simulation box,62 is only 0.16 ⋅ 107 s−1 due
to the large volume of the simulation box (ca. 500 nm3 ). This finite
size correction was neglected because it is smaller than the statistical uncertainties from our simulations. H-atoms were added to the
protein and crystal waters, and the system was solvated with 16 235
water molecules. For the simulations with the AMBER ff15ipq force
field, the SPC/Eb water model63 was used, whereas the CHARMM
version of the TIP3P water model64 was used together with the
CHARMM36 protein force field. These water models were chosen
because the respective protein force fields were developed together
with these water models. Sodium and chloride ions were added at a
concentration of 0.15 mol/l such that the overall charge of the simulation box was zero. Prior to the production simulations, the system was energy-minimized and subsequently equilibrated in the
constant particle number, pressure, and temperature (NPT) ensemble for 200 ps with harmonic position restraints on the protein. To
keep the temperature constant at 300 K, the thermostat of Bussi
and co-workers65 was applied, with coupling time constants of τ T =
0.1 ps. Isotropic Parrinello–Rahman pressure coupling was used to
maintain the pressure constant at 1 bar. The SETTLE66 and LINCS59
constraint algorithms were applied to constrain the internal degrees
of freedom of water molecules and the bonds in the protein, respectively, allowing for integrating the equations of motion with 2 fs
time steps. Lennard-Jones (6,12) interactions were smoothly shifted
to zero at a cut-off distance of 1.0 nm; this cut-off distance was
also used for distinguishing between short-range and long-range
Coulomb interactions, which were treated with the particle mesh
Ewald (PME) method67 with a 0.12 nm grid spacing. Finally, for both
ff15ipq and CHARMM36, ten 100 ns NPT production MD simulations were initiated from different random seeds for generating the
initial velocities at 300 K. Coordinates were saved to disk every 1 ps.
For the sake of comparison, to demonstrate the improved agreement
with experimental relaxation data, for each of the two force fields, the
set of ten MD simulations was repeated also with the original force
fields, i.e., with the original methyl rotation barriers.
C. Computation of NMR relaxation data
For the overall TCFs, CO (t), the rotation matrix between the
starting structure of the MD simulations and the instantaneous
structure at each trajectory frame was calculated. Rotations in the
reference frame between time differences Δt were calculated in
quaternion representation as described by Chen and co-workers.46
The TCFs of the diagonal elements of this matrix were computed.
Exponential fits to these auto-correlation functions yield Di in
Eq. (10). The TCFs of Di were calculated for every trajectory up to
100 ns. The ten trajectories were grouped into five chunks (i.e., two
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trajectories per chunk). For each of these five chunks, the TCFs are
calculated separately and then averaged. The averaged TCF for each
chunk was fitted up to 10 ns to yield CO (t). The calculated values
of Di or Diso for each of these chunks were averaged, and the standard deviation of the five chunks was used to estimate a statistical
error. Fits up to a lag time of 20 ns lead to differences of less than
3% in the diffusion times. For the prefactors di , the component of
the N–H and C–Cmethyl bonds (S–Cmethyl for MET) along D∥ was
calculated.
Internal TCFs, Cint (t), of the backbone amide N–H bonds and
for one of the three Cmethyl –Hmethyl bonds of every methyl group
were calculated up to a maximum lag time of 5 ns after aligning all
trajectory frames with the initial structure. We used a spectral density approach for calculating the relaxation rates. In this approach,
the internal TCFs of the amide or methyl vectors were fitted with
Eq. (12). To automatically determine the number of parameters N
in Eq (12), N was incremented based on the difference between the
raw
fit
raw TCF Cint
and the fitted TCF Cint
,
fit
raw
Cint
− Cint
.
(16)
ΔCfit
N was increased until χ N > χ N −1 or an upper limit of N = 4 was
reached. The error ΔCfit was calculated from the standard deviation
of the 100 trajectory chunks that were used to fit Cint .
Total TCFs were calculated with Eq. (9) using ζ = (1.02/1.041)6
for amide bonds53 and ζ = 1 for methyl bonds. Spectral densities
were calculated with Eq. (15). Relaxation rates and NOEs were calculated from these spectral densities using Eqs. (1)–(3) for amide
bonds and Eqs. (6) and (7) for methyl bonds. The current implementation of NMR relaxation computation is available on github
(https://github.com/fahoffmann/MethylRelax).

χ=

IV. RESULTS AND DISCUSSION
A. Reparameterization of methyl group
rotation barriers
The height of the potential energy barrier for methyl group
rotation heavily affects the dynamics of the C–H methyl bonds

scitation.org/journal/jcp

and, as a consequence, the time correlation functions, spectral densities, and NMR relaxation rates. We reparameterized the methyl
group rotation barriers in the AMBER ff15ipq and CHARMM36
force fields by adjusting the force constants kdih of the dihedral
angle potential energy terms that govern the rotation of the methyl
group around its three-fold symmetry axis. As described in our previous work15 on the AMBER ff99SB∗ -ILDN force field, the force
constants kdih were adjusted to closely match the potential energy
barriers obtained from coupled cluster CCSD(T) quantum chemical
calculations of isolated blocked dipeptides.
In Table I, the potential energy barriers of methyl group rotation from the force fields are compared to the reference values from
the coupled cluster calculations (the potential energy profiles for
all methyls are shown in Fig. S2 of the supplementary material).
Generally, the energy barriers in the force fields are too high and
deviate from the reference values to different extents. The barriers
were, thus, adjusted in a methyl group-specific manner (Table II,
the full set of dihedral energy terms are listed in Table SII of the
supplementary material). In order to stay consistent with the philosophy of the original force fields, the prochiral methyl groups in
VAL are described by the same dihedral potential energy function;
this was also done for the prochiral methyls in LEU. As a consequence, the CCSD(T) energy barriers are not matched perfectly by
the force fields. For example, the rotation barrier of the pro-R methyl
group of VAL is slightly underestimated, whereas the pro-S barrier
is slightly overestimated. Overall, the reparameterization reduces the
mean unsigned error with respect to the CCSD(T) energy barriers
from about 4 kJ/mol to 0.2 kJ/mol.
In our previous study,15 we did not reparameterize THR methyl
groups because they were reasonably well described by the original ff99SB∗ -ILDN force field. However, for AMBER ff15ipq and
CHARMM36, a larger error in the THR energy barrier was observed,
requiring kdih for THR to be adjusted in these force fields. To
this end, the force constants of the Cα -Cβ -Cmethyl -H1,2,3
methyl and the
Hβ -Cβ -Cmethyl -H1,2,3
methyl dihedral terms were lowered; see Table II.
The dihedral angle terms involving the Oγ -atom of THR were left
untouched. Furthermore, we investigated the dependence of the

TABLE I. Potential energy barriers (in kJ/mol) of methyl group rotation in blocked dipeptides.

CCSD(T)
ALA
MET
THR
VALa
LEUa
ILEc
MUEd

14.2
7.1
11.4
14.0/11.5b
14.1/12.9
12.2/10.7
...

ff15ipq (orig.) ff15ipq (repar.) CHARMM36 (orig.) CHARMM36 (repar.)
22.0
7.0
15.4
17.7/16.7
16.4/15.5
16.3/14.5
3.8

14.3
7.1
11.4
13.4/12.3
14.0/13.0
12.4/10.9
0.2

18.4
7.7
17.9
18.8/17.1
16.7/16.8
17.6/12.8
3.9

14.3
7.1
11.5
13.9/12.0
13.5/13.6
12.4/10.6
0.2

a

The values before and after the slash are for the pro-R/pro-S methyls (Cγ,1 /Cγ,2 for VAL, Cδ,1 /Cδ,2 for LEU), respectively.
The energy barriers are 14.1/11.5 kJ/mol at the PNO-LCCSD(T)-F12a/aug-cc-pVTZ level. Optimizing the ground state structure and the transition state structures for methyl rotation with MP2/def2-TZVP (instead of taking the minimum and maximum energy structures from the M06-2X/cc-pVDZ relaxed PES scan) followed by single-point energy calculations with
PNO-LCCSD(T)-F12a/aug-cc-pVTZ yields barriers of 14.2/11.8 kJ/mol.
c
The values before and after the slash are for the Cγ /Cδ methyls, respectively.
d
Mean unsigned error with respect to the CCSD(T)/cc-pVTZ energies, averaged over all methyl groups.
b
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TABLE II. Difference of the force constants, Δk dih , of the dihedral energy terms
for methyl group rotation between the reparameterized and the original force fields
(in kJ/mol).

Methyl
β

ALA C
MET Cϵ
THR Cγ
VAL Cγ
LEU Cδ
ILE Cγ
ILE Cδ

ff15ipq
−0.429 87
+0.029 65
−0.333 33
−0.245 93
−0.136 38
−0.224 47
−0.211 58

TABLE III. Rotational diffusion of ubiquitin in MD simulations.

Force field
ff99SB∗ -ILDN/TIP4P-2005
ff15ipq/SPC/Eb
CHARMM36/TIP3P

CHARMM36
−0.232 78
−0.095 08
−0.545 96
−0.286 15
−0.181 06
−0.301 11
−0.117 78

scitation.org/journal/jcp

Diso (107 s− 1 )
3.92 ± 0.18
3.56 ± 0.42
10.71 ± 0.87

methyl group rotation barriers on the peptide conformation by also
including alternative side chain (for MET, THR, VAL, LEU, and
ILE) and backbone (for ALA) conformers in the quantum chemical calculations. The results, which are summarized in Table SIII,
show (i) that methyl rotation barriers are only weakly dependent
on conformation (the methyl group rotation barriers vary only by
about 1–1.5 kJ/mol) and (ii) that the revised force fields, which
were exclusively parameterized based on quantum chemical calculations of a single conformer for each amino acid, also accurately capture the methyl rotation barriers in alternative conformers. For the alternative conformers, which were not used for force
field parameterization, the mean unsigned errors with respect to the
CCSD(T) energy barriers are 0.5 kJ/mol, 0.8 kJ/mol, and 1.1 kJ/mol
for AMBER ff15ipq, CHARMM36, and AMBER ff99SB∗ -ILDN,
respectively.

water is close to the diffusion constants obtained from NMR relaxation experiments, which yielded values of 4.76 ⋅ 107 s−1 (Ref. 72),
4.14 ⋅ 107 s−1 (Ref. 73), 4.07 ⋅ 107 s−1 (Ref. 74), and 4.01 ⋅ 107 s−1
(Ref. 75). Thus, the overall protein tumbling is described at the correct time scale in TIP4P-2005 water, a basic requirement for a quantitative description of CO (t) and the prediction of NMR relaxation
rates from MD simulations.
The isotropic diffusion constant from the simulations in
SPC/Eb water is 3.56 ⋅ 107 s−1 , i.e., the protein tumbles a little
bit slower than in simulations with the TIP4P-2005 water model.
Protein tumbling in TIP3P water is much faster (10.71 ⋅ 107 s−1 ).
The corresponding tumbling correlation times τ R = 1/(6Diso ) are
4.25 ns, 4.68 ns, and 1.56 ns in TIP4P-2005, SPC/Eb , and TIP3P
water, respectively.
Overall tumbling of the protein is slow compared to most of
its internal dynamics and mainly affects spectral densities at low
frequencies. This has implications for the interpretation of NMR
relaxation data. The computed relaxation rates that depend on J(0),
such as R2 for backbone amides or R(Dy ) for side chain methyls,
are expected to be affected strongly by the water model used in the
simulations as this determines the time scale of protein rotational
diffusion.

B. NMR relaxation from MD simulations

2. Backbone relaxation

The reparameterized force fields were systematically investigated and compared in terms of their dynamics by comparison to
NMR relaxation data. Ten 100 ns MD simulations of ubiquitin were
performed with the AMBER ff15ipq and CHARMM36 force fields,
including the adjusted methyl rotation barriers described above. In
the ff15ipq simulations, the SPC/Eb water model63 was used, whereas
the TIP3P water model64 was used in the CHARMM36 simulations.
We compare our results to our previous ubiquitin simulations,15
in which we demonstrated for the AMBER ff99SB∗ -ILDN protein
force field in combination with the TIP4P-200568 water model that
accurate methyl rotation energy barriers in the protein force field
are essential for an accurate prediction of deuterium relaxation from
MD simulations.
1. Rotational diffusion
The time scale of rotational diffusion in MD simulations
strongly depends on the water model.16,17,46,63,69–71 While the water
model usually does not have a strong effect on the internal dynamics
of backbone N–H bonds, it changes the time scale of overall rotational tumbling and, therefore, the spectral densities. Table III summarizes the rotational diffusion constants Diso obtained from our
simulations with the different water models. The isotropic diffusion
constant of 3.92 ⋅ 107 s−1 from the MD simulations in TIP4P-2005
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We now turn to the computation of 15 N relaxation rates and
N{1 H} NOEs of backbone N–H bonds, as shown in Fig. 1. The
three force fields compared here correctly predict the site-to-site
variation. For example, all relaxation rates are higher in the β-sheet
regions comprising residues 2–7, 11–15, and 41–45 and especially
also in the α-helix formed by residues 23–34. Significantly lower values are observed at the turn residues 7–10 and in the unstructured
region around GLY35 (with an exception for the CHARMM36 force
field in R2 ). Taken together, all three force fields yield a consistent
picture that is in agreement with the experimental data; see Table IV.
We conclude that the backbone dynamics of ubiquitin is accurately
described by all force fields used.
Averaged over all amide bonds, the longitudinal relaxation rate
R1 in the AMBER ff15ipq force field of 1.82 s−1 is slightly lower
than the values of 1.92 s−1 and 1.97 s−1 for the AMBER ff99SB∗ ILDN and the CHARMM36 force field, respectively. Figure 2 shows
the separation of the relaxation rates into the different contributions
according to Eq. (1). The deviation in the relaxation rates between
AMBER ff15ipq and the other force fields is mainly due to J(ωN ),
which makes a dominant contribution to R1 . The frequency ωN is the
lowest frequency that influences R1 , pointing toward faster internal
dynamics, at least at this frequency, in the ff15ipq force field than in
the other two force fields. The average R1 from 15 N NMR relaxation
of ubiquitin74 is even slightly higher, 2.09 s−1 .
15
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FIG. 1. 15 N relaxation rates R1 (a) and R2 (b) and 15 N{1 H} NOE (c) from MD simulations with the AMBER ff99SB∗ -ILDN force field (orange line), AMBER ff15ipq
force field (blue line), and CHARMM36 force field (solid and dashed green lines
for unscaled and scaled rotational diffusion, respectively) are compared to the
experimental values (red line) determined by Tjandra and co-workers74 at 14.1 T.

For the transverse relaxation rate R2 , the bond-averaged relaxation rates are 5.58 s−1 and 5.29 s−1 for the AMBER ff15ipq and
ff99SB∗ -ILDN force fields, respectively, which are in good agreement with the experimental value of 5.65 s−1 (Ref. 74). The discrepancy between simulation and experiment for ILE23 and ASN25 is
due to chemical exchange on slow μs–ms time scales76 because the

scitation.org/journal/jcp

FIG. 2. Different contributions to 15 N R1 . The plots show the values of
f DD 3J(ωN ) (blue line), f CSA J(ωN ) (red line), f DD 6J(ωH + ωN ) (green line), and
f DD J(ωH − ωN ) (orange line) from the simulations with AMBER ff15ipq/SPC/Eb (a),
AMBER ff99SB∗ -ILDN/TIP4P-2005 (b), and CHARMM36/TIP3P (c) force fields.
For CHARMM36/TIP3P, the results obtained with scaled overall rotational diffusion
are shown.

Rex contribution to R2 [see Eq. (2)] is not captured in the MD simulations. For CHARMM36, the average R2 is much lower, 2.68 s−1 .
The underestimation of this rate can be attributed to the TIP3P
water model used in the CHARMM36 simulations, in which protein tumbling is too fast (see above). Tumbling is much slower than

TABLE IV. Comparison of computational and experimental backbone relaxation data.

RMSD
N R1 (s− 1 )
N R2 (s− 1 )
15
N{1 H} NOE
15

15

ff15ipq/SPC/Eb

ff99SB∗ -ILDN/TIP4P-2005

CHARMM36/TIP3Pa

0.28
0.47
0.07

0.17
0.54
0.06

0.14/0.17
3.03/0.46
0.32/0.09

0.88
0.89
0.99

0.93
0.90
0.98

0.93/0.94
0.91/0.92
0.99/0.99

Pearson coefficient RP
15

N R1
N R2
15
N{1 H} NOE
15

a

The values before and after the slash correspond to the unscaled and scaled rotational diffusion times, respectively.
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the internal dynamics of backbone vectors in structured protein
regions and, therefore, primarily influences slow dynamics at low
frequencies, which affect R2 via J(0); see Eq. (2). Faster tumbling
leads to lower values of J(0) and R2 . One possible way to overcome too fast rotational protein tumbling would be to perform the
CHARMM36 simulations in combination with another water model
that yields a more realistic rotational diffusion time, such as TIP4P2005 or SPC/Eb , as done for the AMBER force fields. However, this
was not done in this case because the CHARMM36 protein force
field was developed together with TIP3P, and thus, the protein–
water interactions would have to be carefully tested for a different
water model, which is beyond the scope of this work. Alternatively,
rotational velocity rescaling can be applied as, e.g., done by Anderson and co-workers.70,71 In the same vein, to investigate the influence of the overall tumbling in the CHARMM36/TIP3P simulations,
we rescaled the rotational diffusion time for computing CO (t) via
Eq. (10) by a factor of 2.73, which corresponds to the ratio of the
rotational diffusion constants obtained in TIP3P water and TIP4P2005 water (Table III). The results for the CHARMM36 simulations
with this scaled overall rotational diffusion time are shown as dashed
green lines in Fig. 1. They are in equally good agreement with the
experimental values as the simulations with the two AMBER force

ARTICLE
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fields, as can also be seen from the improved root-mean-square
deviation (RMSD) values in Table IV.
The bond-averaged 15 N{1 H} NOEs are 0.67, 0.66, and 0.33
for ff15ipq, ff99SB∗ -ILDN, and unscaled CHARMM36, respectively.
The experimental average NOE is 0.67, close to the simulations with
the AMBER force fields. The NOE is due to the difference between
6J(ωH + ωN ) and J(ωH − ωN ), with 6J(ωH + ωN ) as the dominant
contribution; see Eq. (3). The low NOE from the CHARMM36 simulations is again attributed to the too fast tumbling in TIP3P water, as
scaling the rotational protein diffusion time improves the agreement
with experiments (Fig. 1 and Table IV), similar to R2 . The high correlation coefficients of about 0.99 show that all force fields correctly
describe the site-to-site variation of the 15 N{1 H} NOE.
3. Methyl relaxation rates
The 2 H relaxation rates R(Dz ) and R(Dy ) of methyl groups
in protein side chains are reported in Fig. 3; the comparison with
the experimental data77 is also summarized in Table V and shown
in Fig. S3 in the supplementary material. Overall, the agreement
between MD simulations with the reparameterized methyl rotation barriers and NMR experiments is good, especially for R(Dy ).

FIG. 3. Methyl deuterium relaxation
rates from MD simulations with the
AMBER ff15ipq force field [(a) and (b)]
and the CHARMM36 force field with
scaled overall rotational diffusion [(c) and
(d)] are correlated with the experimental values from Liao and co-workers77
at 14.1 T. Relaxation rates obtained
with revised methyl rotation barriers are
shown in blue circles and green triangles
for ff15ipq and CHARMM36, respectively, whereas the rates computed with
the original force fields are shown in
magenta and red squares for ff15ipq and
CHARMM36, respectively.
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TABLE V. Comparison of computational and experimental deuterium relaxation data of side chain methyl groups.

RMSD
H R(Dy ) (s− 1 )
H R(Dz ) (s− 1 )
S2axis (from LS2 model)

2
2

ff15ipq/SPC/Eb

ff99SB∗ -ILDN/TIP4P-2005a

CHARMM36/TIP3Pb

11.1
7.2
0.13

13.5
6.5
0.12

28.9/12.9
7.5/7.2
0.10/0.10

0.86
0.26
0.85

0.83
0.32
0.89

0.83/0.90
0.27/0.29
0.93/0.93

Pearson coefficient RP
2

H R(Dy )
H R(Dz )
S2axis (from LS2 model)
2

a
The values slightly differ from those in Tables III and IV in our previous work15 because (i) the data were reanalyzed with the
refined approach presented here and (ii) the N-terminal residue (MET1) was omitted from the analysis here.
b
The values before and after the slash correspond to the unscaled and scaled rotational diffusion times, respectively.

The improvement of the reparameterized methyl rotation barriers is obvious when comparing computed relaxation rates with the
experiment for the emended and the original force fields. The latter
substantially overestimates both R(Dz ) and R(Dy ) (Fig. 3, magenta
and red squares for ff15ipq and CHARMM36, respectively). For
CHARMM36/TIP3P, scaling of the overall rotational diffusion time
substantially improves the agreement for R(Dy ). Faster rotational
diffusion lowers R(Dy ), which depends on slow dynamics via J(0).
The good agreement with experimental R(Dy ) values is reflected
in the high correlation coefficients of 0.86, 0.83, and 0.83/0.90 for
ff15ipq, ff99SB∗ -ILDN, and CHARMM36, respectively (Table V).
Taken together, our results show that slow dynamics of methyl
groups on the ns time scale is well captured by the force fields with
properly adjusted methyl rotation barriers.
For fast dynamics, as probed by R(Dz ), correlation with experiment is rather poor, with correlation coefficients of only about 0.3
(Table V). R(Dz ) is influenced by the spectral density at higher frequencies (ωD , 2ωD ), and the simulated values fall into a narrow
range between 10 s−1 and 40 s−1 , similar to experiment.77 Differences between the fast dynamics on the ps time scale of these
methyl groups are, thus, very challenging to capture, considering the
complicated dynamics especially of longer side chains. We recently
reported a much higher correlation coefficient between MD and
NMR of 0.72 for R(Dz ) of methyl groups in T4 lysozyme,16 showing that also fast dynamics as probed by R(Dz ) can, in principle, be described reliably in MD simulations. Notably, the RMSD
between R(Dz ) from MD and NMR of about 7 s−1 for ubiquitin
(Table V) is small compared to the absolute values and in a similar range as the RMSD obtained for T4 lysozyme in our previous
work due to the reparameterization of the methyl rotation barriers.15,16 Our results emphasize that still further improvements of
biomolecular force fields are needed in order to achieve a similar correlation between experimental and computational relaxation
rates for methyl groups as is routinely obtained for backbone amide
bonds.
4. Methyl order parameters
Next, we turn to methyl order parameters and their prediction
from MD simulations. Figure 4 shows the comparison of the methyl

J. Chem. Phys. 152, 084102 (2020); doi: 10.1063/1.5135379
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axis order parameters obtained from our MD simulations with the
experimental values from Liao and co-workers.77 As was done in
the experimental study,77 we used the LS2 model to obtain the
methyl order parameters. In general, the agreement between experimental and computational S2axis is good, with a Pearson correlation
coefficient and RMSD of approximately 0.9 and 0.1, respectively
(Table V). These results are comparable to previous MD simulation studies of ubiquitin, which reported RMSDs for S2axis of 0.125,78
0.15,79 and 0.104.80 Note that the revised methyl group rotation barriers, as presented in this work, do not affect the amplitude of the
slow dynamics, as described by S2axis in the framework of the Lipari–
Szabo model, but improves the description of the fast dynamics as
captured by the associated effective correlation time τ f .15
Taken together, given the different approximations involved
on both the simulation side (force field accuracy, limited

FIG. 4. Methyl order parameter S2axis from MD simulations with the ff15ipq (blue circles), CHARMM36 (green triangles), and ff99SB∗ -ILDN force field (orange stars)
are correlated with the experimental values from Liao and co-workers.77 The first
residue (MET1) was excluded.
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simulation time scales) and the NMR side (limited number of frequencies at which the spectral density function can be sampled), our
results demonstrate the level of accuracy that can be expected from
modern biomolecular force fields in terms of the internal dynamics
of methyl groups.
V. CONCLUSIONS
Quantitative agreement between experimental and computational NMR relaxation data of proteins requires an accurate description of the dynamics in the simulations. Thus, both the minima
and also the barriers on the energy landscape have to be accurately
described. Here, we adjusted the energy barriers for the rotation
of methyl groups in protein side chains in the AMBER ff15ipq
and CHARMM36 force fields. Using ubiquitin as a model system,
we systematically tested and validated these two reparameterized
force fields, together with the recent AMBER ff99SB∗ -ILDN force
field with reparameterized methyl rotations,15 against experimental NMR relaxation data of both backbone amides and side chain
methyl groups. The site-to-site variation of amide relaxation rates is
captured correctly by all force fields. However, the absolute value
depends strongly on the time scale of rotational diffusion of the
protein, which is determined by the water model. Furthermore, the
dynamics of methyl groups in side chains, as represented by R(Dy )
or S2axis , is predicted quite well by all force fields, which might also be
important for establishing connections between changes in S2 and
conformational entropy.80–88 However, predicting site-to-site variation in the exact time scale of rotation of individual methyl groups,
which dominates R(Dz ), requires further improvement.
SUPPLEMENTARY MATERIAL
See the supplementary material for the following: a comparison
of force field and quantum chemistry structures of blocked dipeptides; methyl rotation potential energy curves for all side chains;
computed relaxation rates of all methyl groups in comparison with
the experiment; and tables with methyl rotation potential energy
barriers for alternative conformers and with dihedral angle potential
energy terms. Python scripts to modify the methyl group rotation
barriers in Gromacs topology (.itp or.top) files are also available on
our website www.molecular-simulation.org.
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