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ΔStot = ΔSconf + ΔSrot+trans + ΔSsolvent + ΔSother

Configurational entropy 
from NMR relaxation

< ΔSconf

ΔSconf = ΔSbb + ΔSsc

Changes in configurational entropy are connected to changes in dynamics

Dynamics can be represented by the orientational motions of  
representative (backbone and sidechain) bonds

N-H CH3

Order parameter S2
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Methyl order parameter
S2 = lim

t−>∞
Cint

Bond motions measured  
by NMR order parameter via 

internal time correlation function Cint(t)
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NMR order parameter
Relaxation rates
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Spectral density mapping from 
Molecular Dynamics (MD) trajectories
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Figure S1: Validation of factorization of Ctot(t) = Cint(t)·CO(t) and of the assumed functional
forms of Cint(t) (Eq. 4 in the main text) and CO(t) = e

≠t/·R , demonstrated for 5 methyl
groups in ubiquitin (one representative of every amino acid that was reparametrized). The
superscript raw indicates the TCFs directly obtained from the MD simulations, and fit refers
to the 6- and 1-exponential fits for Cint and CO, respectively.
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Relaxation rates

similar results also for the relaxation rates (Table 4 and Table
S2 in Supporting Information). Likewise, the relaxation rates
obtained from MD simulations carried out without bond-length
constraints on the protein (see Methods section) yield very
similar results, see Table S3 in Supporting Information.
The agreement between MD and NMR critically depends on

the spectral densities. We calculated the spectral density of
every methyl group from our MD simulations and fitted the
values at J(0), J(ωD), and J(2ωD) with the LS2 model (see
Methods section), which was also used in the experimental
NMR study.58 Figure 4 compares these MD-based spectral
densities to the experimental curves, which were constructed
from the reported values for Saxis

2 and the correlation times of
fast internal motions τf, and of global tumbling τR = 5.0 ns.58

We chose one representative methyl group for every amino acid
type; the spectral densities of all methyls are shown in Figure
S5 in Supporting Information. Figure 4 shows that adjusting the
methyl rotation barrier in the force field improves the spectral
densities in comparison to the original force field, especially at
high frequencies. The improvement is particularly pronounced
for ILE, LEU, and VAL methyl groups, for which the potential
energy barriers were reduced most drastically (see Tables 1 and
2). For MET, conclusions are difficult, because there is only
one MET in ubiquitin, which in addition is the first residue of
the polypeptide chain (MET1).

Figure 4 compares the spectral densities from NMR
experiments in 99.9% D2O

58 with those from MD simulations
in 100% H2O. The TIP4P/2005 water model used in our MD
simulations yields a global tumbling correlation time of τR =
4.37 ± 0.27 ns. The statistical uncertainty of ca. 6%, estimated
from the standard error of the mean of the 10 individual MD
simulations, shows that the sampling suffices to compute τR
with reasonable precision. However, D2O has a higher viscosity
than H2O, and hence τR is somewhat longer. In their NMR
deuterium relaxation study, Liao and co-workers58 used the
ratio of the viscosities of D2O and H2O to obtain the global

Figure 3. Relaxation rates RMD(Dy) (A) and RMD(Dz) (B) from the
simulations with the original AMBER ff99SB*-ILDN force field (red
dots) and the one with reparametrized methyl spinning barriers (blue
triangles) are correlated to the experimental relaxation rates from Liao
and co-workers.58 The statistical uncertainties are the standard errors
of the mean from the 10 individual MD simulations.

Table 4. Root Mean Square Deviation (RMSD) of
Relaxation Rates R(Dy) and R(Dz) between MD and NMR

simulation RMSD in R(Dy) [s
−1] RMSD in R(Dz) [s

−1]

original FF (NPT) 21.3 21.0
reparametrized FF (NPT) 15.8 9.3
reparametrized FF (NVE) 16.6 9.4

Figure 4. Spectral densities of selected methyl groups from the
simulations with the original AMBER ff99SB*-ILDN force field (left
panels) and the reparametrized force field (right panels). The spectral
density from MD is shown in red, and the values at 0, ωD, and 2ωD are
indicated by red triangles. The LS2 fit to these three data points is
shown as a dashed cyan line, and the fitting parameters Saxis

2 and τf are
reported. The spectral densities from NMR, obtained with a global
tumbling time of 5.0 ns in D2O,

58 are shown in black. The black curves
in the insets show the corresponding NMR spectral densities for a
global tumbling correlation time of 4.16 ns57 from 15N relaxation in
90% H2O/10% D2O.
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Methyl rotation too slow

Dihedral angle reparametrization

Vdih = kdih(1 − cos(ϕ − ϕ0))

Hoffmann, Mulder, Schäfer, J. Phys. Chem. B 2018, 122, 19, 5038-5048 !8



Reparametrization
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as this model was also used to interpret the experimental NMR
relaxation data of ubiquitin.58 The fit was carried out according
to the following procedure:

1. Grid search within Saxis
2 ∈ [0, 0.01, ..., 2Slong

2 ] and τf ∈ [0
ps, 1 ps, ..., 2τfit

eff]. Here, we used Slong
2 and τfit

eff = ∑i = 1
6 Aiτi

as starting points for the fitting parameters.
2. Direct (gradient-based) fit of Saxis

2 and τf with the results
from the previous grid search as starting points. This
yielded the final parameter pair (Saxis

2 ; τf) of the fit.
At every step of the grid search or gradient-based minimization,
we determined Jmodel(0), Jmodel(ωD), and Jmodel(2ωD) with eq 8,
and calculated the longitudinal and transverse relaxation rates,
R(Dz) and R(Dy), respectively, as well as χ
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The fitting parameter pair (Saxis
2 ; τf) for eq 8 was determined

by minimizing χ2. The errors Rerror(i) are the standard errors of
the mean of the 10 relaxation rates Rmodel(i) obtained from the
10 individual MD simulations. Ranalytical(i) are the relaxation
rates directly derived from J(0), J(ωD), J(2ωD) via eq 7. The
Ranalytical values are reported below, because invoking the LS2
model is not required here.
Our above approach is based on the separation of the total

TCF into internal and overall motions, C(t) = Cint(t)CO(t), and
assumes a certain analytical form of both CO (single-
exponential) and Cint (6-exponential plus offset, eq 4). This
allows one to gauge the contributions of internal and overall
motions, and avoids issues linked to noise in the TCFs at long
lag-times. To test the validity of this approach, we calculated
the raw TCF directly from our MD simulations, i.e., without
any model for the internal or overall motion. We compare this
total TCF to C(t) = Cint(t)CO(t), where CO(t) is the overall
TCF described by the single-exponential fit, and Cint(t) is the
raw internal TCF directly obtained from the MD simulations
(i.e., without assuming a certain functional form), or from the
fit to eq 4. Figure S1 in the Supporting Information shows that
the TCFs are correctly captured up to lag-times of 10 ns,
demonstrating the validity of the applied assumptions.

■ RESULTS AND DISCUSSION
Methyl Group Rotation Barriers in Dipeptides. Table 1

summarizes the results from our quantum chemical calculations
of the potential energy barriers of methyl group spinning in
amino acid side-chains, as obtained for isolated blocked
dipeptides. We found that, for all side-chains except THR,
the barriers in the AMBER ff99SB*-ILDN force field, which
originate from the ff99 parameter set,44 were too high
compared to the reference values obtained from CCSD(T)/
cc-pVTZ quantum chemical calculations. As described in detail
below, this overestimation sensitively affects the deuterium
relaxation rates and spectral densities obtained from the force
field MD simulations of ubiquitin. Interestingly, the barriers are
overestimated by the force field to different extents for the
different methyl groups. For example, in ALA, the barrier is too
high by 1.3 kJ/mol in the original force field, whereas for ILE-
Cγ, the barrier is overestimated by 5.2 kJ/mol (Table 1 and
Figure 1; the potential energy curves for all side-chains are

shown in Figure S2 in Supporting Information). To resolve this
discrepancy, we reparametrized the force field in a methyl
group-specific manner. The force constants of the dihedral
angle potential energy function, kdih, were lowered such that the
reparametrized force field matched the potential energy barriers
from the CCSD(T) calculations (Figure 1 and Table 2).
Reassuringly, we found that the corresponding methyl groups
in different side-chains required the same lowering of kdih
(compare Cγ in VAL and ILE, and Cδ in LEU and ILE,
respectively, in Table 2).
In the quantum chemical calculations, the geometry

optimizations were carried out with the M06-2X density
functional. For all investigated side-chains apart from MET, we
found the M06-2X/cc-pVDZ potential energy barriers to be
slightly higher than in the CCSD(T) coupled cluster
calculations (Figure S2 in Supporting Information). To check
the influence of the basis set size on the energies, we used

Table 1. Potential Energy Barriers (in kJ/mol) of Methyl Group Spinning in Blocked Dipeptidesa

ALA MET THR VAL LEU ILE

original FF 15.5 9.0 11.0 18.4/17.3 16.8/16.2 17.4/13.5
reparametrized FF 14.2 7.2 11.0 13.1/12.1 13.9/13.3 12.4/10.7
CCSD(T) 14.2 7.1 11.4 14.0/11.5 14.1/12.9 12.2/10.7

aFor VAL and LEU, the values before and after the slash are for the trans/gauche- methyl groups, respectively. For ILE, the values before and after
the slash are for the Cγ/Cδ methyl groups, respectively. THR was not reparametrized.

Figure 1. Potential energies along the methyl group spinning dihedral
angle in alanine blocked dipeptide. Relaxed potential energy surface
scans were carried out at the M06-2X/cc-pVDZ level (magenta curve).
Single-point energies of these optimized geometries were calculated
with CCSD(T)/cc-pVTZ (black). Energies from force field calcu-
lations with the original and reparametrized AMBER ff99SB*-ILDN
parameter sets are plotted in red and blue, respectively.
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as this model was also used to interpret the experimental NMR
relaxation data of ubiquitin.58 The fit was carried out according
to the following procedure:

1. Grid search within Saxis
2 ∈ [0, 0.01, ..., 2Slong

2 ] and τf ∈ [0
ps, 1 ps, ..., 2τfit

eff]. Here, we used Slong
2 and τfit

eff = ∑i = 1
6 Aiτi

as starting points for the fitting parameters.
2. Direct (gradient-based) fit of Saxis

2 and τf with the results
from the previous grid search as starting points. This
yielded the final parameter pair (Saxis

2 ; τf) of the fit.
At every step of the grid search or gradient-based minimization,
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The fitting parameter pair (Saxis
2 ; τf) for eq 8 was determined

by minimizing χ2. The errors Rerror(i) are the standard errors of
the mean of the 10 relaxation rates Rmodel(i) obtained from the
10 individual MD simulations. Ranalytical(i) are the relaxation
rates directly derived from J(0), J(ωD), J(2ωD) via eq 7. The
Ranalytical values are reported below, because invoking the LS2
model is not required here.
Our above approach is based on the separation of the total

TCF into internal and overall motions, C(t) = Cint(t)CO(t), and
assumes a certain analytical form of both CO (single-
exponential) and Cint (6-exponential plus offset, eq 4). This
allows one to gauge the contributions of internal and overall
motions, and avoids issues linked to noise in the TCFs at long
lag-times. To test the validity of this approach, we calculated
the raw TCF directly from our MD simulations, i.e., without
any model for the internal or overall motion. We compare this
total TCF to C(t) = Cint(t)CO(t), where CO(t) is the overall
TCF described by the single-exponential fit, and Cint(t) is the
raw internal TCF directly obtained from the MD simulations
(i.e., without assuming a certain functional form), or from the
fit to eq 4. Figure S1 in the Supporting Information shows that
the TCFs are correctly captured up to lag-times of 10 ns,
demonstrating the validity of the applied assumptions.

■ RESULTS AND DISCUSSION
Methyl Group Rotation Barriers in Dipeptides. Table 1

summarizes the results from our quantum chemical calculations
of the potential energy barriers of methyl group spinning in
amino acid side-chains, as obtained for isolated blocked
dipeptides. We found that, for all side-chains except THR,
the barriers in the AMBER ff99SB*-ILDN force field, which
originate from the ff99 parameter set,44 were too high
compared to the reference values obtained from CCSD(T)/
cc-pVTZ quantum chemical calculations. As described in detail
below, this overestimation sensitively affects the deuterium
relaxation rates and spectral densities obtained from the force
field MD simulations of ubiquitin. Interestingly, the barriers are
overestimated by the force field to different extents for the
different methyl groups. For example, in ALA, the barrier is too
high by 1.3 kJ/mol in the original force field, whereas for ILE-
Cγ, the barrier is overestimated by 5.2 kJ/mol (Table 1 and
Figure 1; the potential energy curves for all side-chains are

shown in Figure S2 in Supporting Information). To resolve this
discrepancy, we reparametrized the force field in a methyl
group-specific manner. The force constants of the dihedral
angle potential energy function, kdih, were lowered such that the
reparametrized force field matched the potential energy barriers
from the CCSD(T) calculations (Figure 1 and Table 2).
Reassuringly, we found that the corresponding methyl groups
in different side-chains required the same lowering of kdih
(compare Cγ in VAL and ILE, and Cδ in LEU and ILE,
respectively, in Table 2).
In the quantum chemical calculations, the geometry

optimizations were carried out with the M06-2X density
functional. For all investigated side-chains apart from MET, we
found the M06-2X/cc-pVDZ potential energy barriers to be
slightly higher than in the CCSD(T) coupled cluster
calculations (Figure S2 in Supporting Information). To check
the influence of the basis set size on the energies, we used

Table 1. Potential Energy Barriers (in kJ/mol) of Methyl Group Spinning in Blocked Dipeptidesa

ALA MET THR VAL LEU ILE

original FF 15.5 9.0 11.0 18.4/17.3 16.8/16.2 17.4/13.5
reparametrized FF 14.2 7.2 11.0 13.1/12.1 13.9/13.3 12.4/10.7
CCSD(T) 14.2 7.1 11.4 14.0/11.5 14.1/12.9 12.2/10.7

aFor VAL and LEU, the values before and after the slash are for the trans/gauche- methyl groups, respectively. For ILE, the values before and after
the slash are for the Cγ/Cδ methyl groups, respectively. THR was not reparametrized.

Figure 1. Potential energies along the methyl group spinning dihedral
angle in alanine blocked dipeptide. Relaxed potential energy surface
scans were carried out at the M06-2X/cc-pVDZ level (magenta curve).
Single-point energies of these optimized geometries were calculated
with CCSD(T)/cc-pVTZ (black). Energies from force field calcu-
lations with the original and reparametrized AMBER ff99SB*-ILDN
parameter sets are plotted in red and blue, respectively.
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ethane, as this small molecule renders a systematic comparison
computationally readily feasible. We calculated the adiabatic
potential energy barriers for methyl rotation in ethane and
compared the energies obtained from CCSD(T) calculations
with the cc-pVTZ triple-ζ basis to the cc-pVQZ and aug-cc-
pVQZ quadruple-ζ basis sets. For ethane in vacuo, M06-2X/cc-
pVDZ yields a potential energy barrier of 12.3 kJ/mol,
compared to 11.7, 11.4, and 11.4 kJ/mol from the CCSD(T)
calculations with the cc-pVTZ, cc-pVQZ, and aug-cc-pVQZ
basis sets, respectively. Assuming that these results are
transferable to the amino acid hydrocarbon side-chains, we
conclude that the CCSD(T) calculations with the cc-pVTZ
basis set yield highly accurate energetics.
The required lowering of kdih can be rationalized a priori

based on the following simple considerations.36 In the AMBER
force field, each set of four covalently connected atoms
contributes one dihedral energy term to the force field potential
energy. Hence, for all methyl-containing side-chains except
MET, nine such terms contribute to the overall methyl group
rotation barrier. The potential energy term for the dihedral
angle ϕ describing the spinning of the methyl group around its
3-fold axis has the general form Vdih = kdih [1 + cos(3ϕ)]. Thus,
each term contributes ca. 2kdih to the methyl rotation barrier.36

For example, for ALA, reducing kdih by 0.069 64 kJ/mol (Table
2) should reduce the barrier by ca. 2 × 9 × 0.069 64 kJ/mol =
1.25 kJ/mol, in close agreement with the actual reduction of 1.3
kJ/mol (from 15.5 to 14.2 kJ/mol, Table 1). Similar
considerations for the methyl groups in the other side-chains,
and taking into account that for MET there are only three
(instead of nine) dihedral terms, readily yields the required
adjustments of kdih. In addition to the dihedral terms, the
rotation barrier in the force field also depends on the
nonbonded (electrostatic and van der Waals) interactions.
However, because changes to the nonbonded interactions
might have undesired effects beyond the dihedral barriers, we
decided to adjust the methyl rotation barriers only through kdih,
hence leaving the rest of the force field unaffected. Due to the
isolated nature of the rotation of a methyl group at the
terminus of a hydrocarbon chain, no effects related to couplings
to other energy terms need to be taken into account.
Methyl Group Dynamics in Ubiquitin. To investigate the

influence of the force field reparametrization on the methyl
group dynamics in proteins we used ubiquitin as a model
system, an experimentally very well-characterized small protein
that is frequently used in simulation studies. We first focus on
methyl axis order parameters, Saxis

2 , and correlation times of fast

internal motions, τf, and then turn to deuterium relaxation rates
and spectral densities. We calculated the LS parameters Saxis

2 and
τf from our MD simulations with the spectral density mapping
approach described in the Methods section, and compare our
MD results to experimental values from Liao and co-workers.58

Figure 2A and Table 3 compare the NMR order parameters to

the MD values for both force fields, the original AMBER
ff99SB*-ILDN and the one with reparametrized barriers for
methyl spinning. Correlation coefficients and root mean square
deviations (RMSDs) are summarized in Table 3. The results
obtained from our simulations in the NVE ensemble are very
similar and consistent with the NPT simulations, showing that
the thermostat used in the latter does not have a large influence
on the results (see Figure S3 in Supporting Information).
Our results show that, concerning Saxis

2 , both force fields agree
equally well with the NMR experiment, with an RMSD in Saxis

2

of about 0.1. This agreement is considered encouraging, given
that obtaining accurate methyl order parameters from MD
simulations is considered much harder than for backbone
amides, for which RMSDs in SNH

2 of about 0.05 between MD
and NMR are typically achieved. For ubiquitin, previous MD
simulation studies reported RMSDs from the NMR-derived54

Table 2. Difference of the Force Constants kdih of the
Dihedral Energy Terms for Methyl Group Spinning between
the Reparametrized and the Original Force Fielda

methyl group Δkdih [kJ/mol]
ALA Cβ −0.06964
MET Cϵ −0.31380
VAL Cγ −0.30220
LEU Cδ −0.16270
ILE Cγ −0.30220
ILE Cδ −0.16270

aIn the original force field, the kdih values of the H−C−C−Hmethyl and
C−C−C−Hmethyl dihedral angles are 0.62760 and 0.66944 kJ/mol,
respectively; for the C−S−C−Hmethyl dihedral angle in MET, kdih =
1.39467 kJ/mol in the original force field. THR was not
reparametrized.

Figure 2. Methyl axis order parameter Saxis
2 (A) and corresponding

correlation time τf (B) from MD simulations with the AMBER
ff99SB*-ILDN force field without (red dots) and with (blue triangles)
adjusted methyl rotation barriers are correlated to the experimental
values from Liao and co-workers.58 The statistical uncertainties are the
standard errors of the mean from the 10 individual MD simulations.

Table 3. Pearson and Spearman Correlation Coefficients (RP
and RS, Respectively) and Root Mean Square Deviation
(RMSD) of Methyl Order Parameter Saxis

2 between NMR and
MD

simulation RP RS RMSD

original FF (NPT) 0.91 0.91 0.10
reparametrized FF (NPT) 0.85 0.88 0.13
reparametrized FF (NVE) 0.85 0.86 0.13

The Journal of Physical Chemistry B Article

DOI: 10.1021/acs.jpcb.8b02769
J. Phys. Chem. B XXXX, XXX, XXX−XXX

E

Vdih = kdih(1 − cos(ϕ − ϕ0))

Hoffmann, Mulder, Schäfer, J. Phys. Chem. B 2018, 122, 19, 5038-5048 !9



Reparametrization

0 30 60 90 120 150 180 210 240 270 300
R(Dy) [s≠1] from NMR

0

30

60

90

120

150

180

210

240

270

300

R
(D

y
)

[s
≠

1
]
fr

om
M

D

0 30 60 90 120 150 180
R(Dy) [s≠1] from NMR

0

30

60

90

120

150

180

R
(D

y
)

[s
≠

1
]
fr

om
M

D

0 30 60 90 120
R(Dz) [s≠1] from NMR

0

30

60

90

120

R
(D

z)
[s
≠

1
]
fr

om
M

D

similar results also for the relaxation rates (Table 4 and Table
S2 in Supporting Information). Likewise, the relaxation rates
obtained from MD simulations carried out without bond-length
constraints on the protein (see Methods section) yield very
similar results, see Table S3 in Supporting Information.
The agreement between MD and NMR critically depends on

the spectral densities. We calculated the spectral density of
every methyl group from our MD simulations and fitted the
values at J(0), J(ωD), and J(2ωD) with the LS2 model (see
Methods section), which was also used in the experimental
NMR study.58 Figure 4 compares these MD-based spectral
densities to the experimental curves, which were constructed
from the reported values for Saxis

2 and the correlation times of
fast internal motions τf, and of global tumbling τR = 5.0 ns.58

We chose one representative methyl group for every amino acid
type; the spectral densities of all methyls are shown in Figure
S5 in Supporting Information. Figure 4 shows that adjusting the
methyl rotation barrier in the force field improves the spectral
densities in comparison to the original force field, especially at
high frequencies. The improvement is particularly pronounced
for ILE, LEU, and VAL methyl groups, for which the potential
energy barriers were reduced most drastically (see Tables 1 and
2). For MET, conclusions are difficult, because there is only
one MET in ubiquitin, which in addition is the first residue of
the polypeptide chain (MET1).

Figure 4 compares the spectral densities from NMR
experiments in 99.9% D2O

58 with those from MD simulations
in 100% H2O. The TIP4P/2005 water model used in our MD
simulations yields a global tumbling correlation time of τR =
4.37 ± 0.27 ns. The statistical uncertainty of ca. 6%, estimated
from the standard error of the mean of the 10 individual MD
simulations, shows that the sampling suffices to compute τR
with reasonable precision. However, D2O has a higher viscosity
than H2O, and hence τR is somewhat longer. In their NMR
deuterium relaxation study, Liao and co-workers58 used the
ratio of the viscosities of D2O and H2O to obtain the global

Figure 3. Relaxation rates RMD(Dy) (A) and RMD(Dz) (B) from the
simulations with the original AMBER ff99SB*-ILDN force field (red
dots) and the one with reparametrized methyl spinning barriers (blue
triangles) are correlated to the experimental relaxation rates from Liao
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Table 4. Root Mean Square Deviation (RMSD) of
Relaxation Rates R(Dy) and R(Dz) between MD and NMR

simulation RMSD in R(Dy) [s
−1] RMSD in R(Dz) [s

−1]

original FF (NPT) 21.3 21.0
reparametrized FF (NPT) 15.8 9.3
reparametrized FF (NVE) 16.6 9.4

Figure 4. Spectral densities of selected methyl groups from the
simulations with the original AMBER ff99SB*-ILDN force field (left
panels) and the reparametrized force field (right panels). The spectral
density from MD is shown in red, and the values at 0, ωD, and 2ωD are
indicated by red triangles. The LS2 fit to these three data points is
shown as a dashed cyan line, and the fitting parameters Saxis

2 and τf are
reported. The spectral densities from NMR, obtained with a global
tumbling time of 5.0 ns in D2O,

58 are shown in black. The black curves
in the insets show the corresponding NMR spectral densities for a
global tumbling correlation time of 4.16 ns57 from 15N relaxation in
90% H2O/10% D2O.
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Spectral densities and TCFs

similar results also for the relaxation rates (Table 4 and Table
S2 in Supporting Information). Likewise, the relaxation rates
obtained from MD simulations carried out without bond-length
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similar results, see Table S3 in Supporting Information.
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the spectral densities. We calculated the spectral density of
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2 and the correlation times of
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simulations, shows that the sampling suffices to compute τR
with reasonable precision. However, D2O has a higher viscosity
than H2O, and hence τR is somewhat longer. In their NMR
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58 are shown in black. The black curves
in the insets show the corresponding NMR spectral densities for a
global tumbling correlation time of 4.16 ns57 from 15N relaxation in
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tumbling correlation time of 5.0 ns from the value of 4.16 ns
measured in previous 15N relaxation experiments in 90% H2O/
10% D2O.

57 As the value of τR influences the spectral density,
especially in the low-frequency range, the insets in Figure 4
show the NMR spectral densities that would be obtained with a
global tumbling time of 4.16 ns in H2O (assuming that Saxis

2 and
τf are unchanged). As expected from the similar global tumbling
times of 4.37 ns (MD) and 4.16 ns (NMR), the agreement
between the MD and these hypothetical NMR spectral
densities is even better, especially close to ω = 0. A similar
result would have been obtained if we would have scaled our
MD-derived τR with the D2O/H2O viscosity ratio to mimic the
slower tumbling in D2O in an a posteriori manner. We do not
apply such scaling here, because our aim is to make predictions
based on MD simulations only, by taking the truncation of the
internal TCFs due to overall tumbling explicitly into account.
Figure 4 shows that this successfully works.
Finally, to focus on fast (sub-nanosecond) motions on the

time scale of methyl group spinning, which are not easily
extractable from Figure 4, we generated “synthetic” NMR data
by calculating the internal TCFs of the C−Hmethyl bond vector
reorientation from the NMR-derived LS parameters58 and
compare them with the internal TCFs obtained from our MD
simulations (eq 4). The results for the five representative
methyl groups are shown in Figure 5, and for all methyl groups
in Figure S6 in Supporting Information. For all amino acid
types, the adjusted force field yields TCFs that are in good
agreement with NMR.
We close this discussion by comparing our present approach

to alternative ones in the literature that also take overall
tumbling explicitly into account. In our all-atom MD
simulations of ubiquitin, the overall rotational tumbling of the
protein is correctly captured with the TIP4P/2005 water
model; a combined MD sampling of 1 μs (i.e., about 200 times
the rotational correlation time τR of ubiquitin, every individual
100 ns simulation exceeds τR by about a factor 20) suffices to
obtain statistically precise τR values. Alternative water models
that yield realistic diffusional behavior, such as SPC/Eb, were
devised and successfully used to reproduce site-specific spectral
densities of backbone amide bonds in ubiquitin and protein
G.66 An alternative route was followed by Chen and co-
workers,67,68 who (i) also focused exclusively on backbone
amide bond motions (and not on side-chains), and (ii)
described overall rotational tumbling with computationally very
efficient coarse-grained MD simulations with the MARTINI
force field. However, this approach is not generally applicable,
because the unavoidable elastic network potentials required to
restrain the protein structure in these coarse-grained simu-
lations impede the extension to somewhat more flexible
proteins. In addition, the coarse-grained water force field
cannot be expected to yield realistic rotational diffusion times at
different conditions, such as higher temperature or pressure.
Recently, Anderson and co-workers69 described an MD
simulation approach to predict time-correlation functions of
backbone amide and nonmethyl C−H bond vectors that
employs rotational velocity rescaling.70 As for the other
approaches mentioned above, it would be interesting to extend
these methods also to the dynamics of side-chain methyl groups
in the future.

■ CONCLUSIONS
In the present work, we describe an MD simulation approach
to directly calculate deuterium relaxation rates, spectral

densities, as well as the associated Lipari−Szabo dynamic
parameters Saxis

2 and τf, from the time-correlation functions of
C−H bond vector reorientation in protein side-chain methyl
groups. To achieve agreement with NMR deuterium spin
relaxation experiments, we reparametrized the potential energy
barriers of methyl group spinning in the used AMBER ff99SB*-
ILDN force field, which was done using energies from coupled
cluster quantum chemical calculations of isolated dipeptides as
reference. The validity of these force field modifications, which
also apply to AMBER parameter sets related to ff99SB*-ILDN,
was demonstrated by comparing the methyl group dynamics in
ubiquitin in MD simulations with NMR relaxation data.
Our MD simulation approach does not require NMR data or

system-specific adjustable parameters. Hence, MD simulations
can be used to predict NMR relaxation data of methyl groups in
protein side-chains, also for unknown or experimentally difficult
to access proteins. Vice versa, experimental NMR relaxation data

Figure 5. TCFs of selected methyl groups. The internal TCFs from
MD for the original and the reparametrized AMBER ff99SB*-ILDN
force field are shown in red and blue, respectively. The internal TCFs
from NMR, calculated from Saxis

2 and τf reported by Liao and co-
workers,58 are shown in green.
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Applicability of LS for 
methyl groups
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Figure S7: Root mean square relative error of all methyl groups, sorted in increasing order,
for LS2 (A) and LS3 (B).
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Given the large computational effort involved in running the MD
simulations, it is somewhat disappointing to notice that the long-
time limit approach is only slightly better than the ‘‘null model’’.
In contrast, the MD-based spectral density mapping and direct
TCF fitting methods perform substantially better, and are able to
successfully predict the site-to-site variability between methyl
groups. This is an encouraging result, because one is often
interested in the difference DSaxis

2 of a (set of) methyl group(s),
e.g., upon mutation, binding of a ligand, changes of external
conditions, etc. However, at the same time, the agreement between
MD and NMR is still worse for side-chain methyl groups than for
the backbone (the RMSD in Saxis

2 is 0.11, as compared to 0.05 for
SNH

2, see Fig. 1), showing that there is still need for future
improvements.

2.5 Can Lipari–Szabo order parameters represent methyl
group dynamics adequately?

In the previous section it was observed that the best agreement
between NMR and MD was 0.11 (RMSD) for the methyl axis
order parameter. Although lower than for most other comparisons
to date, the discrepancy between computation and experiment is
about twice that observed for backbone dynamics (cf. Fig. 1), and
we examine below possible reasons for this discrepancy.

In folded proteins, side-chain dynamics are much richer
than those of the backbone, both in time scale and amplitude
of the motions: methyl groups are positioned at the ends of
side-chains of varying number of bonds relative to the main
chain, and may undergo multiple rotamer transitions as well as
experience librational motion in each rotamer well along the
chain. Thus, the internal TCF decays by the simultaneous
action of all these motions, which for the more dynamic side-
chains may range from sub-ps to several ns and beyond. To
investigate this quantitatively the following analysis is based
solely on analyses of the MD trajectories: a comparison was
made of order parameters obtained from (i) fitting the internal
TCF by a multiple-exponential decay (eqn (16)) and (ii) the
internal TCF computed by Lipari–Szabo analysis. In the latter
case we first computed the spectral density points from the MD
simulation including tumbling, and then fitted Saxis

2, tf (LS2) or
Saxis

2, tf, teff
c (LS3). Saxis

2 and tf were used to calculate Cint(t) with
eqn (4) in both instances.

Fig. 3 shows example dynamics for two ILE side-chains that
display markedly different mobility. Fig. 3A displays data for
the Cd,1 methyl group of ILE150, which displays three-fold
rotation of the methyl group. The ILE150 side-chain is otherwise
largely immobile, with dynamics confined to single rotamer
wells. Trajectory analysis shows only exceedingly rare excursions
to alternative w1 or w2 angles during the simulation (Fig. S6 in
ESI†). The internal TCF of the methyl C–H vector was fitted by
eqn (16), and is shown in red. Fits by the Lipari–Szabo functions
LS2 and LS3 are shown in cyan and magenta, respectively, and
are virtually superimposable. This good agreement indicates
that the simple LS2 model is sufficient to capture the rather
limited dynamics of ILE150-Cd,1, and can be adequate for
extracting the time constant for methyl spinning (about 5 ps)
as well as the order parameter (see inset). In contrast, the Cd,1

methyl group of ILE27 (Fig. 3B) undergoes much more intricate
dynamics. As can be seen from the red curve in Fig. 3 and from
trajectory analysis (Fig. S6 in ESI†), the methyl group rotates on
a 5 ps time scale about the methyl axis, but it also undergoes
frequent two-site jumps about the w2 angle on a time scale of
about 1–2 ns. The presence of this additional dynamic mode
causes the internal TCF to decay further over multiple nano-
seconds. The result of this complex motion is that neither the
LS2 nor the LS3 model fit the internal TCF correctly over the
entire range. Surprisingly, LS2 fitting is able to provide a good
estimate for Saxis

2, but at the expense of a large overestimate for
the time scale of fast dynamics. LS3 fitting, on the other hand,
leads to a strong overestimation of the order parameter, while
also still overestimating tf. To gauge how well the LS functions
fit the internal TCFs for all methyl groups, we compared the
agreement of the two curves by computing the following root
mean square relative error (RMSRE),

RMSRE ¼ 1

N

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
X

N

Cint;LSðtÞ $ Cint;expðtÞ
Cint;expðtÞ

" #2
vuut ; (15)

where N is the number of time points in the TCF, and Cint,LS(t)
and Cint,exp(t) represent the Lipari–Szabo and multi-exponential

Fig. 3 Internal TCF Cint,exp from eqn (16) (red) and from the LS2 (cyan) and
LS3 model (magenta) for ILE150-Cd,1 (A) and ILE27-Cd,1 (B).
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Figure S6: Side-chain dihedral angles �1 (top), �2 (center), and �methyl (bottom) of ILE150
(A) and ILE27 (B) from a representative MD simulation. For methyl spinning (�methyl) only
the first 100 ps are shown.
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Relaxation rates

packed between the indole ring of TRP138 and the hydroxyphenyl
ring of TYR139. Whether and if so, how exactly, contacts with

these p-systems affect the dynamics of the ALA146 methyl group
and to which extent the force field can capture these interactions
are intriguing questions but beyond the scope of this work.

3 Conclusions
The present work combines NMR relaxation experiments and
MD simulations of T4 lysozyme to investigate the side-chain
dynamics, as encoded in the deuterium relaxation of methyl
groups. It is shown that to obtain accurate results, it is imperative
to take protein anisotropy into account in the analysis of both the
experimental NMR relaxation data and the MD simulations.
Near-quantitative agreement between MD and NMR for general-
ized order parameters of methyl groups Saxis

2 and associated
correlation times tf was achieved by properly accounting for the
decay of the time correlation functions due to anisotropic protein
tumbling in solution, which is adequately captured by the TIP4P/
2005 water model. The employed MD-based spectral density
mapping approach closely mimics the way the experimental
NMR data is analyzed; directly fitting the raw TCFs, as obtained
from the MD simulations, to an extended Lipari–Szabo model
yielded almost comparably accurate results, with somewhat too
high Saxis

2. Both these approaches do not draw on any experimental
NMR information or adjustable parameters that are specific to a
particular system and hence enable true predictions from the MD
simulations, with the only reservation that the statistical noise in
the MD simulations render it challenging to pick the same Lipari–
Szabo model (LS2 or LS3) as in NMR. In addition to Saxis

2 and tf,
which are derived from the data using Lipari–Szabo motional
models, good agreement between experiments and simulations is
also seen for the spectral densities and relaxation rates that are
directly accessible to NMR deuterium relaxation without the need to
invoke simplified motional models, which might be problematic for
complex side-chain dynamics.

Furthermore, we describe and critically discuss the LEU strong
coupling effect, which can compromise deuterium NMR relaxation
data for uniformly 13C-enriched protein samples if the Cd and Cg

chemical shifts are close to each other. Here, MD simulations

Fig. 5 Relaxation rates R(Dz) (A), R(3Dz
2 ! 2) (B), and R(Dy) (C) from MD

simulations are compared to the experimental values. The data point for
ALA146 is outside of the plotted range (but included in the calculation of
correlation coefficients and RMSD).

Table 3 Pearson and Spearman correlation coefficients as well as absolute
and relative root mean square deviation (RMSD) of relaxation rates R(Dy),
R(3Dz

2 ! 2) and R(Dz) between MD and NMR

Relaxation rate RP RS RMSD [s!1] Relative RMSD

R(Dz) 0.72 0.78 9.3 0.67
R(3Dz

2 ! 2) 0.73 0.77 8.2 0.77
R(Dy) 0.77 0.82 20.7 0.17

Fig. 6 Correlation of tf for T4L methyl groups from NMR and MD. The
RMSD is 47.3 ps, and the Pearson and Spearman correlation coefficients
are RP = 0.67 and RS = 0.78, respectively. The value of tf for ALA146 is not
shown (491 ps in MD, 129 ps in NMR).
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packed between the indole ring of TRP138 and the hydroxyphenyl
ring of TYR139. Whether and if so, how exactly, contacts with

these p-systems affect the dynamics of the ALA146 methyl group
and to which extent the force field can capture these interactions
are intriguing questions but beyond the scope of this work.

3 Conclusions
The present work combines NMR relaxation experiments and
MD simulations of T4 lysozyme to investigate the side-chain
dynamics, as encoded in the deuterium relaxation of methyl
groups. It is shown that to obtain accurate results, it is imperative
to take protein anisotropy into account in the analysis of both the
experimental NMR relaxation data and the MD simulations.
Near-quantitative agreement between MD and NMR for general-
ized order parameters of methyl groups Saxis

2 and associated
correlation times tf was achieved by properly accounting for the
decay of the time correlation functions due to anisotropic protein
tumbling in solution, which is adequately captured by the TIP4P/
2005 water model. The employed MD-based spectral density
mapping approach closely mimics the way the experimental
NMR data is analyzed; directly fitting the raw TCFs, as obtained
from the MD simulations, to an extended Lipari–Szabo model
yielded almost comparably accurate results, with somewhat too
high Saxis

2. Both these approaches do not draw on any experimental
NMR information or adjustable parameters that are specific to a
particular system and hence enable true predictions from the MD
simulations, with the only reservation that the statistical noise in
the MD simulations render it challenging to pick the same Lipari–
Szabo model (LS2 or LS3) as in NMR. In addition to Saxis

2 and tf,
which are derived from the data using Lipari–Szabo motional
models, good agreement between experiments and simulations is
also seen for the spectral densities and relaxation rates that are
directly accessible to NMR deuterium relaxation without the need to
invoke simplified motional models, which might be problematic for
complex side-chain dynamics.

Furthermore, we describe and critically discuss the LEU strong
coupling effect, which can compromise deuterium NMR relaxation
data for uniformly 13C-enriched protein samples if the Cd and Cg

chemical shifts are close to each other. Here, MD simulations

Fig. 5 Relaxation rates R(Dz) (A), R(3Dz
2 ! 2) (B), and R(Dy) (C) from MD

simulations are compared to the experimental values. The data point for
ALA146 is outside of the plotted range (but included in the calculation of
correlation coefficients and RMSD).
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2 ! 2) 0.73 0.77 8.2 0.77
R(Dy) 0.77 0.82 20.7 0.17

Fig. 6 Correlation of tf for T4L methyl groups from NMR and MD. The
RMSD is 47.3 ps, and the Pearson and Spearman correlation coefficients
are RP = 0.67 and RS = 0.78, respectively. The value of tf for ALA146 is not
shown (491 ps in MD, 129 ps in NMR).
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FF evaluation
A)

B)

C)

Figure 1: 15N relaxation rates R1 (A) and R2 (B), and 15N{1H} NOE (C) from MD sim-
ulations with the AMBER ff99SB*-ILDN force field (orange), AMBER ff15ipq force field
(blue), and CHARMM36 force field (solid and dashed green lines for unscaled and scaled ro-
tational diffusion, respectively) are compared to the experimental values (red) from Tjandra
and coworkers.70
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A)

B)

Figure 3: Methyl deuterium relaxation rates R(Dy) (A) and R(Dz) (B) from MD simula-
tions with the AMBER ff99SB*-ILDN force field (orange stars), AMBER ff15ipq force field
(blue circles) and the CHARMM36 force field with scaled overall rotational diffusion (green
triangles) are correlated to the experimental values from Liao and coworkers.73
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strongly by the water model used in the simulations, as this determines the time scale of

protein rotational diffusion.

Backbone relaxation

We now turn to the computation of 15N relaxation rates and 15N{1H} NOEs of backbone

N–H bonds, as shown in Figure 1. The three force fields compared here correctly predict

the site-to-site variation. For example, all relaxation rates are higher in the �-sheet regions

comprising residues 2-7, 11-15, and 41-45, and especially also in the ↵-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 4. We conclude that the backbone dynamics of ubiquitin

is accurately described by all force fields used.

Table 4: Agreement between computational and experimental backbone relax-
ation data.

RMSD ff15ipq/SPCEb ff99SB*-ILDN/TIP4P-2005 CHARMM36/TIP3Pa

15N R1 [s�1] 0.28 0.17 0.14/0.17
15N R2 [s�1] 0.47 0.54 3.03/0.46
15N{1H} NOE 0.07 0.06 0.32/0.09
Pearson coefficient RP
15N R1 0.88 0.93 0.93/0.94
15N R2 0.89 0.90 0.91/0.92
15N{1H} NOE 0.99 0.98 0.99/0.99
a The values before and after the slash correspond to the unscaled and scaled rotational

diffusion times, respectively.

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(!N),

which makes a dominant contribution to R1. The frequency !N is the lowest frequency

15

Table 5: Agreement between computational and experimental deuterium relax-
ation data of side-chain methyl groups.

RMSD ff15ipq/SPCEb ff99SB*-ILDN/TIP4P-2005 CHARMM36/TIP3Pa

2H R(Dy) [s�1] 11.1 13.5 28.9/12.9
2H R(Dz) [s�1] 7.2 6.5 7.5/7.2
S2

axis (from LS2 model) 0.13 0.12 0.10/0.10
Pearson coefficient RP
2H R(Dy) 0.86 0.83 0.83/0.90
2H R(Dz) 0.26 0.32 0.27/0.29
S2

axis (from LS2 model) 0.85 0.89 0.93/0.93
a The values before and after the slash correspond to the unscaled and scaled rotational

diffusion times, respectively.

between the fast dynamics on the ps time scale of these methyl groups are thus very chal-

lenging 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,15 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 5) 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 reparametrization of the methyl rotation barriers.14,15 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.

Methyl order parameters

Next, we turn to methyl order parameters and their prediction from MD simulations. Fig-

ure 4 shows the comparison of the methyl axis order parameters obtained from our MD

simulations with the experimental values from Liao and coworkers.73 As was done in the

experimental study,73 we used the LS2 model to obtain the methyl order parameters. In

general, the agreement between experimental and computational S2
axis is good, with a Pear-

son correlation coefficient and RMSD of approximately 0.9 and 0.1, respectively (Table 5).
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Consequences for  
future FF developments

- Similar chemistry does not give similar FF parameters


- Different rotamer states lead to slightly different energy 
barriers of methyl rotation


- Backbone dynamics is well captured with modern FFs


- Side-chain dynamics has to be improved, especially for 
fast dynamics (ps)
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Summary
• Reparametization of methyl group rotation leads to better 

NMR deuterium relaxation rates and spectral densities


• Truncation of time correlation function at rotational 
tumbling time of protein leads to better methyl order 
parameter


• Lipari-Szabo model does not describe dynamics of all 
methyl groups correctly


• MD force fields capture amplitude of motions better than 
their time scales
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