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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 com-
plementarity 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 quantita-
tive 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 now also display very good agreement with
experiment. Results herein showcase the performance of present-day MD force fields,

and manifest their refined ability to accurately describe internal protein dynamics.

Introduction

Nuclear magnetic resonance (NMR) spectroscopy is a powerful technique to study the dy-
namics 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.!™® 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
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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. 6-19.

The interpretation of the dynamics of a bond in a protein from NMR relaxation is typi-
cally done in terms of the square of the generalized order parameter, S?, and its associated
correlation time, 7¢. Lipari and Szabo?%?! 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 appropriate 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(w), because these describe the dynamics without the need to invoke a
motional model or a particular functional form of J(w). While the full C'(¢) 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.?>2* However, these approaches are cumbersome 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
tsim and limits the usability of MD simulations to accurately probe processes that occur on
time scales that are shorter than tg,. The latter aspect concerns the force field. Recent
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improved protein force fields capture the dynamics of protein backbone amide bonds,



as e.g. probed by NMR through order parameters S%, or relaxation rates,* with high
accuracy. However, a comparably reliable prediction of dynamical parameters of side-chains
by MD is more demanding. 191533735 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 13C H, 2H methyl groups in 13C-,
fractionally 2H-labeled proteins report on reorientational motions of *C-2H 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 y dihedral angles 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. 3637

Although considered difficult, %39 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.?®3° Similarly, rotation of the methyl groups around
their 3-fold axis in the AMBER ff99SB*-ILDN?"% force field was improved by adjusting
the methyl dihedral angle parameters against high-level coupled cluster CCSD(T) electronic
structure calculations,'* which are considered a gold standard in quantum chemistry.4%4!
Here, we extend our previous work !4 and reparametrize the energy barriers of methyl group
rotations in the AMBER ff15ipq®® and CHARMMS3625 protein force fields. To check and
validate the revised force field parameters, we apply these two reparametrized force fields and
compare them to our previous results'# obtained with the AMBER ff99SB*-ILDN force field
with revised methyl rotation barriers. For this purpose, the small globular protein ubiquitin
was used as a model system, since NMR relaxation data are available for both backbone and

side-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.



Theoretical Background

Relaxation rates depend on the spectral density function at specific Larmor frequencies wy,
wyr and wp of N, 'H and 2H, respectively. For amide >’N-'H bonds in the protein backbone,
the relaxation rates R; and Rs, which are the inverse of the longitudinal (or spin-lattice)
relaxation time 7; and of the transverse (or spin-spin) relaxation time T3, respectively, and

the ’N{'H} steady-state heteronuclear NOE are given by *?

Ry =fpp [J(wH — wN) + 3J(wN) + 6J(wH + wN)] + fCSAJ(wN) (1)

R, :% Fon [4T(0) 4 J(wrt — wn) + 8T (@) + 67 (wi) + 67 (@i + wx)]

+ & fosa [47(0) + 3T(wx)] + Rus (2)
NOE =1+ Jz—fz—;‘ 167 (wir + wy) — J(wi — wn)] (3)

In these equations, fpp and foga are prefactors from dipole-dipole interactions of the in-

volved spins and from the chemical shift anisotropy (CSA) tensor

fop =L (Hohrn ) @)
bb =y 4rdy

1
fosa :g%%IA%SA (5)

with vacuum permeability p, reduced Planck constant i, ryg the amide bond length,
and 7y the gyromagnetic ratios of >N and 'H, respectively, and Acga = —170 ppm the °N
chemical shift anisotropy. Rec in eq 2 is the exchange contribution to R,. Note that unlike
Chen and coworkers®? we included the prefactor of 2/5 in the J(w) definition,*® rather than
into fpp and fcsa. 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.***5 This fact is often not considered. In addition, R, 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. 46

While spin relaxation of the N nucleus is mainly driven by its dipolar coupling to the
bonded 'H and through '°N chemical shift anisotropy, deuterium relaxation is solely due to
interactions between the electric field gradient eq and the ?H nuclear quadrupole moment
e, and this interaction varies by less than 0.5 % between methyl groups in proteins.*” The

longitudinal and in-phase transverse relaxation rates of *C—?H bonds in methyl groups are

given by
R(D,) = % <q%€ ) [J(wp) + 4.7 (2wp)] and (6)
R(D,) = 3i2 (q%ﬁ ) 19.7(0) + 15 (wp) + 6.7 (2wp)] | (1)

respectively. The spectral density J(w) is the Fourier transform (power spectrum) of the

time correlation function (TCF)

J(w) = /O T oty et ar (8)

The total TCF includes the dynamics of all motions of the bond relative to the external
magnetic field ]§0. In general, three types of motions can be extracted: the global motion of
the protein represented by an overall TCF Cq(t), the internal motion of the bond represented
by an internal TCF Ciy(t), and quantum mechanical zero-point vibrations represented by
a constant factor (. 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 ¢ to (1.02/1.041)° ~ 0.885.4® For '*C-2H bonds of methyl

groups ¢ = 1. If all three motions are statistically independent, the total TCF factorizes as
C(t) = ¢ Colt) - Cim(2) (9)

The TCF of overall motion Cp(t) describes that the bond vector moves together with the



entire protein. If the protein has a non-spherical shape, diffusion has to be described by an
anisotropic diffusion tensor. For most proteins, an axially symmetric tensor is sufficient.*’
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

Colt) = i d; e~ Dt (10)

with Dy = 6D, Dy = 5D, + D, and D3 = 2D, + 4D). The prefactors d; include the
component i of the N-H or C-Cpethyt (S—Chnetnyr for MET) bond vector /i in the direction
of the parallel axis of the principal axis frame (PAF) of the protein, d; = (3,uﬁ —1)*/4 ,
dy = 3pif(1 — i), and dz = 3(1 — pf)?/4. If the protein has a spherical shape, the overall

time correlation function is described by a single exponential decay

Colt) = %e—t/m (11)

with 7 = 1/(6Djs). The internal TCFEF Ciy(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, rotation of the methyl group around its symmetry axis,
and rotamer jumps around side-chain y dihedral angles. Assuming that these motions are

uncoupled, they can be described by exponential functions in the internal TCF

N
Cint(t) = S*+ ) Aje™'/m (12)
=1



12921 i5 commonly used to fit NMR relaxation

The two-parameter Lipari-Szabo (LS2) mode
data. In its simplest form, the internal TCF is fitted with two parameters, S? and the
correlation time 7;. This corresponds to N = 1, A; = (1 — S?), 71 = 7 in eq 12. For the

determination of the methyl axis order parameter S2

axis?

one replaces S? by 52, /9, which is
the theoretical value obtained from complete motional averaging due to rotation around the
3-fold axis, assuming ideal tetrahedrality. Eq 12 shows the general definition of the order
parameter as the long-time limit of the internal TCF

S? = 1im Ciy () (13)

t—o00

In practice, NMR relaxation experiments can only detect motions on time scales up to
approximately 7. 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) = (P [1(0) - (1)) (14)

In this formula, P[x] = (3z% —1)/2 is the second Legendre polynomial, fi(t) the unit vector
of the bond at time ¢ and (. ..) indicates the average over all time step differences ¢. 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, 9, 10 and 12 yields the spectral density

3
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Computational Methods

Reparametrization of methyl rotation energy barriers

We adjusted 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 ff15ipq?®® and CHARMM362° protein force fields. The same procedure was adopted
as in our previous work,'* in which we reparametrized the methyl rotation energy 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
in vacuo, ACE-X-NME, of the methyl-containing amino acids (X = ALA, MET, THR, LEU,
ILE, VAL) to obtain the adiabatic energy profiles. These relaxed PES scans were performed
at the M06-2X/pVDZ density functional level of theory.?*5? For selected structures of the
minima and several structures close to the maxima, single-point energies were obtained from
CCSD(T)/cc-pVTZ coupled cluster calculations, yielding the reference energy barriers that
were matched as closely as possible during force field reparametrization. To obtain the
corresponding PES for methyl rotation with the force field, energy minimizations of the
blocked dipeptides in vacuo were carried out using GROMACS version 5.0.6°* compiled in

double precision.

MD simulations

MD simulations were carried out with GROMACS version 5.0.6.%® The setup was identi-
cal to our previous ubiquitin simulations with the ff99SB*-ILDN /TIP4P-2005 force field.*
The X-ray crystal structure of ubiquitin (PDB 1UBQ)5* was centered in a cubic periodic
simulation cell with box vector lengths of ca. 7.94 nm. We note in passing that the finite
box-size correction to the rotational diffusion constant, kgT'/(6nVihex) with solvent viscosity
n and Viex the volume of the periodic simulation box,% is only 0.16 - 107s~! in our case due

to the large volume of our cubic simulation box (ca. 500 nm?®). 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 SPCE,
water model®® was used, whereas the TIP3P water model®” 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 0.15mol/l such that the overall charge of the simula-
tion box was zero. Prior to the production simulations, the system was energy-minimized
and subsequently equilibrated in the NPT ensemble for 200 ps with harmonic position re-
straints on the protein. To keep the temperature constant at 300 K, the thermostat of
Bussi and coworkers®® was applied, with coupling time constants of 7 = 0.1 ps. Isotropic
Parrinello-Rahman pressure coupling was used to maintain the pressure constant at 1 bar.
The SETTLE® and LINCS® 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) interac-
tions 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) method® with a 0.12nm grid spacing.
Finally, for both ff15ipq and CHARMMS36, 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.

Computation of NMR relaxation data

For the overall TCFs, Cp(t), the rotation matrix between the starting structure of the MD
simulations and the instantaneous structure at each trajectory frame was calculated. Ro-
tations in the reference frame between time differences At were calculated in quaternion

representation as described by Chen and coworkers.%? Exponential fits to the auto correla-
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tion functions of the diagonal elements of this matrix lead to time constants 7 whose inverse
are the components D; (i=1,2,3) in eq 10. For analyses, the ten 100 ns trajectories were
divided into parts of 10 ns. For each of these chunks, the TCFs were calculated up to a lag
time of 5ns to yield Co(t). For the calculations of the prefactors d;, the axial component of
the N-H and C-Cipepny1 bonds (S—Chyetnyt for MET) in the PAF of the protein was calculated.

Internal TCFs, Cin(t), of the backbone amide N-H bonds and for one of the three Cpethy1—
Hinethy1 bonds of every methyl group were calculated up to a maximum lag time of 5ns 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 TCF C!2" and the

int

fitted TCF Cfit

int

Chi — O
X = tACﬁt . (16)

N was increased until x did not decrease further or an upper bound of N = 4 was reached.
The error AC%; was calculated from the standard deviation of the 100 trajectory chunks that
were used to fit Ciy.

Total TCFs were calculated with eq 9 using ¢ = (1.02/1.041)% for amide bonds*® and
¢ = 1 for methyl bonds. Spectral densities were calculated with eq 15. Relaxation rates and
NOEs were calculated from these spectral densities using eqs 1 to 3 for amide bonds and

eqs 6 and 7 for methyl bonds.

Results and Discussion

Reparametrization 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 and, as a consequence, the time correlation functions,
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spectral densities, and NMR relaxation rates. We reparametrized the methyl group rotation
barriers in the AMBER ff15ipq and CHARMMS36 force fields by adjusting the force constants
kam of the dihedral angle potential energy terms that govern the rotation of the methyl
group around its 3-fold symmetry axis. As described in our previous work!* on the AMBER
ff99SB*-ILDN force field, the force constants kg;, were adjusted to closely match the potential
energy barriers obtained from coupled cluster CCSD(T) quantum chemical calculations of
isolated blocked dipeptides.

Table 1 compares the potential energy barriers of methyl group rotation from the force
fields to the reference values obtained from the coupled cluster calculations (the potential
energy profiles for all methyls are shown in Fig. S1 in Supporting Information). Generally,
the energy barriers in the force fields are too high, with the exception of the MET methyl
group in the AMBER ff15ipq force field. The energy barriers in the original force fields
deviate from the reference values to different extents for the different methyl groups, and
the barriers were thus adjusted in a methyl group-specific manner (Table 2). The force field
reparametrization reduces the mean unsigned error with respect to the CCSD(T) energy

barriers from about 4 kJ/mol to 0.2 kJ/mol for both force fields.

Table 1: Potential energy barriers (in kJ/mol) of methyl group rotation in
blocked dipeptides.

CCSD(T) ff15ipq (orig.) ff15ipq (repar.) CHARMMS36 (orig.) CHARMMS36 (repar.)

ALA 142 22.0 143 18.4 14.3
MET 7.1 7.0 7.1 7.7 7.1

THR 11.4 15.4 11.4 17.9 11.5
VAL® 14.0/115 17.7/16.7 13.4/12.3 18.8/17.1 13.9/12.0
LEU® 14.1/12.9 16.4/15.5 14.0/13.0 16.7/16.8 13.5/13.6
ILE®  12.2/10.7 16.3/14.5 12.4/10.9 17.6/12.8 12.4/10.6
MUE¢ - 3.8 0.2 3.9 0.2

® The values before and after the slash are for the trans/gauche™ methyl groups,
respectively. ® The values before and after the slash are for the C7/C° methyl groups,
respectively. ¢ Mean unsigned error with respect to the CCSD(T)/cc-pVTZ energies,
averaged over all methyl groups.

In our previous study, !4 we did not reparametrize rotation of THR methyl groups because
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Table 2: Difference of the force constants, Aky;,, of the dihedral energy terms for
methyl group rotation between the reparametrized and the original force fields

(in kJ/mol).

Methyl  ff15ipq CHARMM36
ALA CP% -0.42987 -0.23278
MET C¢ +0.02965 -0.09508
VAL C7  -0.24593  -0.28615
LEU ¢? -0.13638 -0.18106
ILE ¢ -0.22447 -0.30111
ILE C° -0.21158 -0.11778
THR C7 -0.33333  -0.54596

they are reasonably well described by the original ff99SB*-ILDN force field. As a larger
error in the THR energy barrier for AMBER ff15ipq and CHARMMS36 was observed, we
also adjusted kg, for THR in these force fields. To this end, the force constants of the C,-
Cﬁ'cmethyl'Hrlriﬁlyl and the Hﬁ—Cﬁ—Cmethyl—Hif};iyl dihedral terms were reduced, see Table 2.

The dihedral angle terms involving the O,-atom of THR were left untouched.

NMR relaxation from MD simulations

The reparametrized force fields were systematically investigated and compared in terms of
their dynamics, as described by NMR relaxation data. To that end, ten 100 ns MD simu-
lations 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 SPCE,, water model®® was used, whereas the TIP3P water model®” was used in the
CHARMMS36 simulations. We compare our results to our previous ubiquitin simulations, !4
in which we demonstrated for the AMBER ff99SB*-ILDN protein force field in combina-
tion with the TIP4P-2005% 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. For this reason, we did not carry out the MD simulations with the origi-
nal ff15ipq and CHARMMS36 force fields (i.e., with too high methyl rotation barriers), but

instead focus on the comparison of the different force fields with revised methyl rotation
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barriers.

Rotational diffusion

The time scale of rotational diffusion in MD simulations strongly depends on the water
model. 15:56:62.64-67 While the water model usually does not have a strong effect on the dy-
namics of backbone N-H bonds, it changes the time scale of overall rotational tumbling and
therefore the spectral densities. Table 3 summarizes the rotational diffusion constants D,
obtained from our simulations with the different water models. The isotropic diffusion con-
stant of 3.92 - 107s™! from the MD simulations in TIP4P-2005 water is close to the diffusion
constants obtained from NMR relaxation experiments, which yielded values of 4.76-107s~1,%®
4.14-107s71,%9 4.07-107s71,7 and 4.01 - 10"s~1.™ Thus, the overall protein tumbling is de-
scribed 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 SPCE,, water is 3.56-107s7!, 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 (10.71-107s™!), in line with the much higher
translational self-diffusion constant of TIP3P water. The corresponding tumbling correlation
times TR = 1/(6Dj,) are 4.25 ns, 4.68 ns, and 1.56 ns in TIP4P-2005, SPCEy,, and TIP3P

water, respectively.

Table 3: Rotational diffusion of ubiquitin in MD simulations.

Diso [107s7 7]
ff99SB*-ILDN,/TIP4P-2005 3.92 + 0.18
ff15ipq/SPCE;, 3.56 = 0.42
CHARMMS36/TIP3P 10.71 + 0.87

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 interpre-
tation of NMR relaxation data. The computed relaxation rates that depend on J(0), such

as Ry for backbone amides or R(Dy) for side-chain methyls, are expected to be affected
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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 N relaxation rates and "N{'H} 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 a-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 CHARMMS36 force field in
R,). 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/SPCE,, ff99SB*-ILDN/TTP4P-2005 CHARMMS36,/TIP3P*
BN Ry [s ] 0.28 0.17 0.14/0.17

N Ry [s71] 0.47 0.54 3.03/0.46

N{'H} NOE 0.07 0.06 0.32/0.09

Pearson coefficient Rp

N Ry 0.88 0.93 0.93/0.94

5N R, 0.89 0.90 0.91/0.92

N{'H} NOE 0.99 0.98 0.99/0.99

¢ 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 R; in the AMBER ff15ipq
force field of 1.82 s7! is slightly lower than the values of 1.92 s~ and 1.97 s~! for the AMBER
ff99SB*-ILDN and the CHARMMS36 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(wn),

which makes a dominant contribution to R;. The frequency wy is the lowest frequency

15



2.0
ln 1.5
. experiment
10 —— AMBER ff15IPQ
—+— AMBER ff99SB*-ILDN
0.5 —+— CHARMM36

0 10 20 30 40 50 60 70
residue number

0 10 20 30 40 50 60 70
residue number

0 10 20 30 40 50 60 70
residue number

Figure 1: N relaxation rates R; (A) and Ry (B), and N{'H} NOE (C) from MD sim-
ulations with the AMBER ff99SB*-ILDN force field (orange), AMBER ff15ipq force field
(blue), and CHARMMS3G6 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. ™
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that influences R;, pointing towards faster internal dynamics, at least at this frequency, in
the ff15ipq force field than in the other two force fields. The average R; from >N NMR

relaxation of ubiquitin is even slightly higher, 2.09 s=1.7°

For the transverse relaxation rate R, the bond-averaged relaxation rates are 5.58 s™!
and 5.29 s7! for the AMBER ff15ipq and ff99SB*-ILDN force fields, which are in good
agreement with the experimental value of 5.65 s~1.7° The discrepancy between simulations
and experiment for ILE23 and ASN25 are due to chemical exchange on slow ps—ms time
scales, " because the R, contribution to Ry (see eq 2) is not captured in the MD simulations.
For CHARMMS36, the average R, 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 the internal dynamics
of backbone vectors in structured protein regions and therefore primarily influences slow
dynamics at low frequencies, which affect Ry via J(0), see eq 2. Faster tumbling leads to lower
values of J(0) and Ry. 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 TIP4P-2005 or SPCE,, 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 coworkers. %% 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 Cp(t) via eq 11 by a factor of 2.73, which corresponds to the ratio of
the rotational diffusion constants obtained in TIP3P water and TIP4P-2005 water (Table 3).
The results for the CHARMMS36 simulations with this scaled overall rotational diffusion time
are shown as dashed green lines in Figure 1. They are in equally good agreement with the

experimental values as the simulations with the two AMBER force fields, as can also be seen
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from the improved RMSD values in Table 4.

The bond-averaged *N{'H} NOEs are 0.67, 0.66, and 0.33 for ff15ipq, f99SB*-ILDN,
and unscaled CHARMMS36, 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
6.J(wy +wn) and J(wg —wn), with 6J(wg 4+ wn) as the dominant contribution, see eq 3. The
low NOE from the CHARMMS36 simulations is again attributed to the too fast tumbling
in TIP3P water, as scaling the rotational protein diffusion time improves the agreement
with experiments (Figure 1 and Table 4), similar to Ry. The high correlation coefficients
of about 0.99 show that all force fields correctly describe the site-to-site variation of the

15N{'H} NOE.

Methyl relaxation rates

The ?H relaxation rates R(D,) and R(Dy) of methyl groups in protein side-chains are re-
ported in Figure 3; the comparison with the experimental data™ is also summarized in
Table 5 and shown in Fig. S2 in Supporting Information. Overall, the agreement between
MD simulations and NMR experiments is good, especially for R(Dy). The scaling of the
overall rotational diffusion time, as applied in the CHARMMS36/TIP3P simulations, sub-
stantially improves the agreement for R(Dy). Faster rotational diffusion reduces R(Dy),
which depends on slow dynamics via J(0). The good correlation 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 CHARMMS3G6, respectively (Table 5). 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(D,), the correlation with experiment is rather poor,
with correlation coefficients of only about 0.3 for the three force fields (Table 5). R(D,) is
influenced by the spectral density at higher frequencies (wp, 2wp), and the simulated values

fall into a narrow range between 10 s~! and 40 s™!, similar to experiment.” Differences
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Figure 2: Different contributions to N R;. The plots show the values of fpp3.J(w)
(blue), fesad(wn) (red), fpp6J(wa + wn) (green) and fppJ(why — wn) (orange) from the
simulations with AMBER ff15ipq/SPCE, (A), AMBER fl99SB*-ILDN /TIPAP-2005 (B) and
CHARMM36/TIP3P (C) force fields. For CHARMMS36/TIP3P, the results obtained with

scaled overall rotational diffusion are shown.
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Figure 3: Methyl deuterium relaxation rates R(Dy) (A) and R(D,) (B) from MD simula-
tions with the AMBER ff99SB*-ILDN force field (orange stars), AMBER ff15ipq force field
(blue circles) and the CHARMMS36 force field with scaled overall rotational diffusion (green
triangles) are correlated to the experimental values from Liao and coworkers. ™
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Table 5: Agreement between computational and experimental deuterium relax-
ation data of side-chain methyl groups.

RMSD ff15ipq/SPCE,,  ff99SB*-ILDN,/TIP4P-2005 CHARMMS36/TIP3P*
“H R(Dy) [s7] 11.1 13.5 28.9/12.9

H R(D,) [s7] 7.2 6.5 7.5/7.2

S2 . (from LS2 model) 0.13 0.12 0.10/0.10

Pearson coeflicient Rp

“H R(Dy) 0.86 0.83 0.83/0.90

H R(D,) 0.26 0.32 0.27/0.29

S2 . (from LS2 model) 0.85 0.89 0.93/0.93

¢ 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(D,) of methyl groups in T4 lysozyme,®

showing that also fast dynamics as probed
by R(D,) can in principle be described reliably in MD simulations. Notably, the RMSD
between R(D,) from MD and NMR of about 7 s™! 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.'4!5 Qur 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.” As was done in the
experimental study,”™ we used the LS2 model to obtain the methyl order parameters. In

general, the agreement between experimental and computational S?

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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These results are comparable to previous MD simulation studies of ubiquitin, which reported

RMSDs for S2.._ of 0.125,7 0.15,7 and 0.104.7

axis

e AMBER ff15ipq
AMBER ff99SB*-ILDN °
Ao CHARMM36 4

from MD

0.0 0.1 02 03 04 05 06 0.7 08 0.9
S2. from NMR

axis

Figure 4: Methyl order parameter S2 . from MD simulations with the ff99SB*-ILDN (orange

stars), ff15ipq (blue circles), and CHARMMS36 force field (green triangles) are correlated to
the experimental values from Liao and coworkers.”™ The first residue in the chain (MET1)
was excluded.

Taken together, given the different approximations involved on both the simulation side
(force field accuracy, limited 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.

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-
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chains in the AMBER ff15ipq and CHARMMS36 force fields. Using ubiquitin as a model
system, we systematically tested and validated these two reparametrized force fields, together
with the recent AMBER ff99SB*-ILDN force field with reparametrized methyl rotations, 4
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 52, is predicted quite well by all

axis?

force fields. However, predicting site-to-site variation in the exact time scale of rotation of

individual methyl groups, which dominates R(D,), requires further improvements.

Supporting Information Available

Potential energy curves for methyl rotation in all side-chains. Computed relaxation rates of
all methyl groups in comparison to experiment. Python scripts to modify the methyl group
rotation barriers in Gromacs topology files (.itp or .top files) have been uploaded to our

website www.molecular-simulation.org.
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Figure S1: Potential energy curves of methyl group rotation in blocked dipeptides. Single-
point energies of selected points (close to the minima and maxima) were calculated with
CCSD(T)/ce-pVTZ (blue). Energies from force field calculations with the original and
reparametrized force field parameter sets of AMBER ff99SB*-ILDN (left), AMBER ff15ipq
(center) and CHARMMS3G6 (right) are plotted in orange and green, respectively.
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Figure S2: Methyl relaxation rates R(Dy) (A) and R(D,) (B) from MD simulations with

the AMBER {f99SB*-ILDN force field (orange), AMBER ff15ipq force field (blue), and the

CHARMMS3G6 force field (dark and light green for unscaled and scaled overal rotational dif-

fusion time, respectively) are compared to the experimental values from Liao and coworkers.
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