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Abstract

Protein structure and dynamics can be characterized on the atomistic level with both nuclear
magnetic resonance (NMR) experiments and molecular dynamics (MD) simulations. Here we
quantify the ability of the recently presented CHARMM36 (C36) force field (FF) to reproduce
various NMR observables using MD simulations. The studied NMR properties include backbone
scalar couplings across hydrogen bonds, residual dipolar couplings (RDCs) and relaxation order
parameter, as well as scalar couplings, RDCs and order parameters for side chain amino- and
methyl- containing groups. It is shown that the C36 force field leads to better correlation with
experimental data compared to the CHARMM22/CMAP force field, and suggest using C36 in
protein simulations. While both CHARMM FFs contains the same nonbond parameters, our
results show how the changes in the internal parameters associated with the peptide backbone via
CMAP and the x; and x» dihedral parameters leads to improved treatment of the analyzed
nonbond interactions. This highlights the importance of proper treatment of the internal covalent
components in modeling nonbond interactions with molecular mechanics FFs.

Introduction

Molecular simulations are now routinely carried out to study protein structure-dynamics-
function relationships at an atomic level of detail. The reliability of simulation methods is
largely based on the accuracy of the underlying empirical force field, which can be
established based on its ability to reproduce and predict experimental observables. The
quality of FFs has been continuously improving. For additive force field such as
CHARMML2, AMBER3 and OPLS#, recent refinements have largely focused on the
torsional degree of freedom. Examples include the reparametrization of backbone torsions of
Amber FF99SB®, which has lead to multiple variants of the AMBER protein FF including
FF99SB*5, optimized for the correct description of the helix-coil equilibrium, FF99SB-¢'7,
whose optimization targeted the reproduction of the intrinsic conformational preferences of
tripeptides, and FF99sbnmr8 and FF99SB_@y°, whose target data during optimization
included protein NMR chemical shifts and residual dipolar couplings. Concerning side chain
dihedrals, OPLS-AA/L involved reparametrized side chain parameters based on quantum
mechanics (QM) energies on small peptides® and a recent correction to the Amber series of
FFs involved the optimization of four amino acid side chains (ILDN)11.

With respect to the CHARMM protein additive FF, a recent update yielding the
CHARMMS36 (C36) FF was presented,12 where the FF version number (ie. 36) is based on
the version of the program CHARMM in which the FF was first released. The major
improvements over CHARMM22/CMAP (C22/CMAP, or sometimes referred to as
CHARMM27) FF1-2 include refined backbone CMAP potentials and new side-chain
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dihedral parameters. CMAP is a @, grid-based energy correction map introduced into the
CHARMM FF to improve the treatment of the protein backbone.13 In C36 the CMAPs were
refined against experimental NMR data for the peptides (Ala)s and Ac-(AAQAA)3-NH, for
the common non-Gly, non-Pro residues or refitted to QM energy surfaces at a higher level of
theory for the Gly and Pro CMAPs. The updated CMAP corrects the C22/CMAP FF bias
towards alpha-helical conformations. C36 FF was shown to be able to fold Ac-(AAQAA)3-
NH, with the correct fraction of helix and shows enhanced cooperativity of helix and hairpin
formation due to the implicit inclusion of many-body effects in the CMAP potential.1* Side-
chain dihedral parameters associated with x1 and ¥, in each amino acids were fitted to QM
potential energy surfaces® and then subject to manual adjustment targeting NMR J coupling
data of unfolded ubiquitin and G protein B1 domain (GB1). Other minor improvements
involve revised parameters for aliphatic hydrogens,1® the guanidinium moiety of arginine,’
and tryptophan.18

NMR observables contain valuable information about the dynamics and conformational
sampling that proteins undergo in solution. The recent advent of powerful computer
architectures and novel simulation algorithms brings the time scale accessible to atomistic
simulations into the NMR time scale region,19-21 and thus opens the possibility to
systematically benchmark and improve the quality of molecular mechanics FFs.8:9:22-26 For
example, Lange ef a/ compared residual dipolar couplings (RDCs) and scalar couplings
across hydrogen bonds for ubiquitin and G protein B3 domain (GB3) from 1 ys MD
simulations with 10 different FFs.22 Lindorff-Larsen et a/ computed backbone J couplings,
RDCs and order parameters of ubiquitin and GB3 from 10 ys MD simulations to evaluate
eight protein force fields including the CHARMM27 and CHARMM22*27 FFs.23 Pande and
co-workers benchmarked a variety of combinations of FFs and water models against NMR
chemical shifts and J couplings of short peptides as well as ubiquitin.?* It is thus important
that any newly developed FF for proteins, such as C36, be validated against NMR data for
folded proteins.

While NMR couplings of peptides and unfolded proteins were used in its development, the
C36 FF was further validated by comparison with scalar couplings on x; torsion and RDCs
for four folded proteins including ubiquitin, GB3, bovine pancreatic trypsin inhibitor (BPTI)
and hen egg white lysozyme (HEWL).12 This data set was similar to that used to validate the
FF99SB-ILDN FF.11 The C36 FF was shown to significantly improve the agreement
between computed and experimental side-chain J couplings. An improvement in the
reproduction RDCs was also found for GB3 and HEWL, while for ubiquitin a slightly larger
Q factor (see below) is reported with the C36 FF versus C22/CMAP; however, it should be
noted that a limited RDC data set of only two alignment medium was used.

Here we present a complimentary and more through study on how well the C36 protein FF
can reproduce a variety of protein backbone and side-chain NMR observables such as
hydrogen bond scalar couplings, RDCs, vicinal J couplings and relaxation order parameters.
The proteins investigated here include ubiquitin, GB1, cold-shock protein A (CspA), apo-
calmodulin (apoCAM), intestinal fatty acid binding protein (IFABP) and HEWL. After a
brief introduction of the simulation protocol and methods to compute NMR properties,
computational NMR data from sub-microsecond MD simulations with the C36 FF is
presented and compared with experimental values. The agreement between calculation and
experiments is further compared with those from C22/CMAP FF as well as compared with
results from published computational studies. We emphasize that the present study
represents a true validation as none of the experimental NMR data used in this study was
used as target data during the previous force field optimization work that yielded C36.
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Methods

1. Molecular dynamics simulations

Protein simulation systems were prepared with the CHARMM-GUI.28 Briefly, protein
structures taken from corresponding protein data bank?? files were solvated in pre-
equilibrated cubic TIP3P water boxes of suitable sizes and counter-ions were added to keep
systems neutral as detailed in Table 1. Periodic boundary conditions were applied and
Lennard-Jones (LJ) interactions were truncated at 12 A with a force switch smoothing
function from 10 A to 12 A. The non-bonded interaction lists were generated with a distance
cutoff of 16 A and updated heuristically. Electrostatic interactions were calculated using the
particle mesh Ewald method3C with a real space cutoff of 12 A on an approximately 1 A grid
with 6th order spline. Covalent bonds to hydrogen atoms were constrained by SHAKE.3!
After a 200 step Steepest Descent (SD) minimization with the protein fixed and another 200
steps without the protein fixed, the systems were first heated to 300 K and then subjected to
a 100 ps NVT simulation followed by a 100 ps NPT simulation. The minimization, heating
and initial equilibrium was performed with CHARMM,32 and the resultant structures were
used to start simulations in NAMD.33 After a 1 ns NPT simulation as equilibration, the
production simulations were run for 100 ns in the NVT ensemble (see Table 1). For HEWL
NPT ensembles were generated to better compare with previous work that found CMAP
helps to better reproduced order parameter $2:34 and simulations were extended to 200 ns to
reduce the uncertainty of the computed S2. Langevin thermostat with a damping factor of 5
ps~1 was used for NVT simulation and the Nosé-Hoover Langevin piston method with a
barostat oscillation time scale of 200 fs was further applied for the NPT simulation at 300 K
and 1 atm. The time step equals 2 fs and coordinates were stored every 10 ps. For each
protein the above simulation protocol was applied with the C36 and C22/CMAP FFs, while
for ubiquitin an additional 1.2 us trajectories with C36 was generated. This long simulation
is used to check the convergence and also to examine whether computed NMR data
deteriorate over a longer simulation time, as it was reported that RDCs significantly deviate
from experimental values after approximately 500 ns simulations with the C22 FF.22

2. Computation of NMR properties

(i) Scalar coupling across hydrogen bonds "3Jyc—Hydrogen bond scalar
coupling MUy represents through-space coupling between N and C nuclei across N--
H---0=C hydrogen bonds.3>-37 It has been found that their magnitudes are correlated with
hydrogen bond (H-bond) geometries38 and ensemble averaging is essential to reliably
reproduce the experimental measurements.39 Interesting and fundamental aspects of "3
couplings are their sensitivity to hydrogen bonding network dynamics and cooperativity in
proteins,*0-42 which makes them valuable for assessing FF quality. Backbone -

backbone "3Jyc couplings were computed from MD simulations by38:39

B3 J «o=((—357 Hz)exp(—3.2r,, )cos?0) (1)

, Where riyg is the distance between the hydrogen and the acceptor oxygen atom, 6
represents the H---O=C angle, and the angular bracket denote ensemble averaging over the
MD trajectories. For hydrogen bonds between lysine side chain -NHz* and protein backbone
C=0, since the three amino hydrogen atoms are equivalent and the hydrogen bonds are
highly transient, we took the coupling value across the most probable hydrogen bond as
judged by obtaining the maximum N-- H,--O=C "3 magnitude for each snapshot and
then averaging them over all snapshots, 7.e.
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hSJN<C:<n3?>§{(—357 Hz)exp(—3.2rnio)00820i}> @

(iResidual dipolar couplings—Residual dipolar coupling (RDC) measures the
orientation of inter-nuclear vectors. In general this averages out to zero because of the
isotropic distribution of orientations of an ensemble of proteins in solution; however, with
the help of alignment media such as liquid crystals, anisotropic distributions can be induced
which renders the dipolar coupling interaction detectable. Its magnitude is given by

D=D,{(3cos*0—1)+1.5R(sin’dcos2¢)} (3)

, Where D, is the axial component of the alignment tensor and R is its rhombicity, and ¢
are the polar angles of the inter-nuclear vector with respect to the alignment tensor. There
are five independent variables in the alignment tensor, which can be determined by least-
square fitting between calculated and experimental RDCs with singular value decomposition
(SVD). The dipolar coupling constants can then be back calculated and compared with
experimental values, as described in Ref. 43,

(iii) Three-bond scalar couplings—Vicinal scalar couplings between Cy and Ng nuclei
in lysine side chains were determined from dihedral angle x4 using the following Karplus
equation:

SJC’YNg :<ACOS2X4+BCOSX4+C> (4

Karplus parameters of Perez et alfor X torsion were used** (A=1.29 Hz, B=-0.49 Hz, and
C=0.37 Hz) as they represent coupling through N-C-C-C bonds similar to that associated
with x4 in lysines.

(iv) Relaxation order parameter S2—Relaxation order parameter S2 in the model-free
formalism can be defined as

§=lim C(t)=lim (Py(i(0) - (1)) (5)

t—oo

, Where ,Lfis normalized inter-nuclear vector along the relevant N-H or C-N bond within the
protein coordinate frame and P, is the second-order Legendre polynomial.#>46 S2 can be
computed from MD simulation with34:45

2_3 2y_1
S=5u((®)7) -5 ©

, Where the 3x3 tensor ¢ = ,Lf ,u,A and the uncertainty is estimated with*’

2__ _ Q2 E
AS’=% (1-5%) /5 O

, where the correlation time T, is determined by integration of the correlation function up to
the time when C(t) first crosses $2:34
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(v)Comparison between calculated and experimental results—The agreement of
computed NMR data from MD simulations with experimental data can be quantified by
linear correlation coefficients rbetween two data sets, or root mean square deviations
(RMSD)

1 i D 2
RS [T (10 -24)"

i

or Q factors.

S (%)’
SYEDE

The computed uncertainties are estimated by block averages by dividing the 100 ns
trajectories into 5 20 ns blocks and calculating the associated average and standard errors.

QR= (10)

Results and Discussion

1. Hydrogen

bond scalar coupling

Proper treatment of backbone-backbone hydrogen bonding is a central requirement of any
protein FF given the central role of such interactions in protein-secondary structure as well
as in other interactions. Reproduction of "Jyc couplings across backbone N--H:--O=C
hydrogen bonds allow for evaluation of these interactions. "3yc couplings were computed
from 100 ns simulations and compared with experimental data for ubiquitin,3> GB1,36
CspA,*8 apo-calmodulin®® and IFABP.%0 Calculated uncertainties of the individual "¢
coupling was around 0.002 Hz (see Figure 1A and 1B). The deviation between calculated
and experimental couplings equals 0.10 Hz for ubiquitin with C36 FF, a modest decrease
from a RMSD of 0.11 Hz with C22/CMAP FF. As shown in Figure 1A and C, "¢
couplings remained the same for most out of the 29 hydrogen bonds in ubiquitin, while the
deviation from experimental values for a few hydrogen bond scalar couplings was greatly
reduced with the C36 FF, for example the ones between Ile13 - Val5 (absolute error [M3Jzc
- hSJeXp | decrease from 0.09 Hz with C22/CMAP to 0.02 Hz with C36 FF), 11e23 - Arg54
(from 0.06 to 0.00 Hz), Val26 - Thr22 (from 0.10 Hz to 0.01 Hz), Ala28 - Glu24 (from 0.14
to 0.00 Hz) and 11e30 - VVal26 (from 0.13 to 0.04 Hz). The better description of these
hydrogen bonds under the new C36 FF improved the overall correlation between
experimental and computational couplings as the correlation coefficient rincreased from
0.83 to 0.86. Inspection of the protein structure showed that H-bonds Val26 - Thr22, Ala28 -
Glu24 and 11e30 - Val26 were all in the ay helix, while H-bond 1le13 - Val5 was between 3
strands but the side-chain of both residues lle13 and Val5 are adjacent to that of 11e30. The
N--H---O=C hydrogen bond between 11e23 and Arg54 connects the a4 helix and the p4-a5
loop and it was proposed to be a key element regulating conformational dynamics in
ubiquitin,®1 which makes it particularly meaningful for C36 FF to be able to accurately
predict its strength as measured in NMR experiments.
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Similar improvement was achieved for protein G, apo-CAM and IFABP (see Table 2, Fig.
1B and Fig. S1) although in general the correlation between experimental and calculated
scalar couplings was less pronounced than ubiquitin, while for CspA both FFs gave same
correlation. For a total of 182 backbone - backbone hydrogen bond scalar couplings
considered here, the RMSD decreases from 0.15 Hz with C22/CMAP to 0.14 Hz with C36
FF, while the Q factor decreased from 0.30 to 0.27 and the correlation coefficient increased
from 0.68 to 0.73. Considering H-bonds separately according to their secondary structure
showed that H-bonds in a-helices and p-sheets were equally improved (see Table 3) while
no improvement was observed for those in the loop region. As the adjustments in the C36
FF versus C22/CMAP did not involve changes in the nonbond parameters, the small, but
consistent improvements appear to be due to more accurate sampling of the backbone
conformations. As the changes in the backbone gave improved sampling of the PPII versus
o-helical equilibrium, the possibility existed that the changes in C36 would also lead to
improvements in the treatment of the loop regions as these are the most poorly treated by
additive FFs.52 However, improvements were not obtained although the number of data is
too small to allow a statistically significant difference to be measured.

Lange and co-workers reported hydrogen bond scalar couplings for ubiquitin and protein G
computed from 1 us MD simulations with a variety of FFs and simulation protocols.22 The
lowest Q factors they obtained were 0.25 for ubiquitin and 0.23 for protein G, with the
Amber99SB FF and PME treatment of electrostatics. Three "3Jyc couplings (1le13 - Val5
and Gly35 - GIn31 in ubiquitin and Asp36 - GIn32 in protein G) were reported as outliners22
as the absolute error between calculated and experimental data were all above 0.25 Hz for
all FFs they considered. Here, C22/CMAP and C36 FF lead to Q factors of 0.21 and 0.18 for
ubiquitin, and 0.30 and 0.28 for protein G, respectively. It should be noted that the R factor

reported in Reference?? is related to the Q factor by @= V2R, The absolute error [

- h3JeXp | for H-bonds 11e13 - Val5 and Gly35 - GIn31 in ubiquitin is 0.02 Hz and 0.08 Hz
with C36 FF, illustrating the possibility of reproducing these weak H-bond couplings using
an additive FF. With C36, Asp36 - GIn32 in protein G was the H-bond with the largest
deviation from the experimental value, with an absolute error of 0.23 Hz. (see Fig. 1) It’s
worth noting that both C22/CMAP and C36 lead to better agreement between simulation and
experiment results than the original C22 force field without the CMAP revision, which gave
a higher Q factor of 0.32 for ubiquitin and 0.37 for protein G.22 The RMSDs between
experimental and computed scalar couplings for the five proteins studied here were all
smaller than those from 1 ns MD simulations with C22 FF, 25 illustrating the utility of
including the CMAP correction in protein backbone potential energy functions.

Low RMSDs of 0.06 Hz were reported for ubiquitin and protein G from MD
simulations.21:26 However, in these simulations the experimental values of "3Jy¢ couplings
were included either explicitly by adding an energy penalty term in the Hamiltonian?! or
implicitly by introducing a hydrogen bonding potential with four fitting parameters.26

Here N3¢ couplings are computed from MD simulations in an ab initio fashion without any
prior knowledge of experimental couplings. The improvement of C36 over C22/CMAP is
not large but occurs consistently over a collection of proteins in hydrogen bonds in different
secondary structures, which suggests that the refined C36 FF leads to conformational
ensembles generated with MD simulations that are more representative of the
experimentally measured ones.

2. RDCs in ubiquitin

RDCs yield information on the relative orientation of selected bond vectors in the protein by
making the overall motion of the protein anisotropic by the use of alignment media that
hinders the protein’s overall rotation and translation. RDCs, and the correlation between

J Comput Chem. Author manuscript; available in PMC 2014 September 30.
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calculated and experimental RDCs, depend on the alignment environment. For ubiquitin an
extensive data set (D44) containing RDCs measured in 44 alignment media43:53-56 was
considered. For this data set the average Q factor was computed to be 0.264 and 0.236 with
C22/CMAP and C36, and the standard error was 0.012 and 0.013, respectively. The flexible
tail containing residues 72—76 was excluded from the analysis, while residue 11e36,
previously reported to be an outlier,*3 was found to give consistent results with the
CHARMM FFs and was included in the analysis. To compare with other studies, average Q
values of subsets of D44 that contains a portion of alignment measurement data were
computed, and the same results were found among these RDC data sets as detailed in Table
4. The D10 data set includes data from 10 alignments as used by Bruschweiler and
coworkers 43, which found a <Q> value of 0.222 with 50 ns MD simulations with the
Amber99SB FF. The D36M data set contained RDCs from 36 alignment media that was
previously used in self-consistent model-free analysis®3, and Lange et a/ reported <Q>
values of 0.28 and 0.26 from 1 ys MD simulations with the Amber03 and Amber99SB FFs,
respectively.2?

The improvement of C36 over C22/CMAP in these different RDC data sets was similar to
that of GB3 where RDCs from five media were computed.1? As listed in Table S1, C36 led
to lower or the same Q factors compared to C22/CMAP for each individual alignment
medium. This illustrates that the optimization of target dihedral parameters in C36 FF
provides better characterization of protein dynamics on the RDC time scale.

It was previously reported that during 1 us MD simulations of ubiquitin with the C22 FF the
RDC Q factors sharply increased from around 0.30 to approximately 0.50 after 500 ns of
simulation time and remained high afterwards, indicating a sudden shift of the simulated
system away from the native state ensemble of conformations. In the present study time-
resolved RDC calculations were carried out on a 1.2 ys MD trajectory with C36 FF, and
such a phenomenon was not observed. As shown in Fig. S2, <Q> rose to 0.35 and quickly
decreased to 0.25, and then fluctuated around 0.25-0.30 during the remainder of the 1.2 us
simulation.

3. Side-chain NMR: Lysines in ubiquitin

Recently, Iwahara and co-workers measured and analyzed NMR properties involving lysine
-NH3* groups in ubiquitin with novel NMR pulse sequences.>”:58 Lysine residues in
ubiquitin are key to its function and understanding their dynamic properties should lead to
insights into the function of the protein. It was found from the 1°N relaxation data that the
amino group of Lys48, which is the major linkage site in the ubiquitination process, was
highly mobile with the lowest order parameter of 0.19 among all lysines in ubiquitin. Long
range 15N -- 13C scalar couplings, including six inter-residue 3Jc,nz couplings and two trans
hydrogen bond h3JNZCr couplings, were also measured to high precision. Here we utilized
these NMR data to compare C22/CMAP and C36 FF, which contain different parameter sets
for lysine x; and ¥, torsions.

The 3JCyN< couplings were computed from the 100 ns MD simulations with the C22/CMAP
and C36 FFs. As shown in Fig. 2A, the correlation with experimental measurements is
greatly enhanced with C36 FF (correlation coefficient /=0.97) compared to C22/CMAP
(r=0.81). The sole dependence of 3JCVNZ couplings on the x4 dihedral angle indicates that the
difference in computed J couplings reflects the difference in the x4 distribution. For
example, the x4 rotamer distribution in Lys27 and Lys48 are the same between the two FFs,
as shown in Fig. 2C, as are the corresponding SJCVNZ couplings. Alternatively, the 3JCVNZ
values differ significantly for Lys11 and Lys33, even though all three rotamers (trans,
gauche+ and gauche-) are being sampled by both force fields. The difference in their 3‘]CVNZ
values is due to relatively small changes in the relative populations of those rotamers,

J Comput Chem. Author manuscript; available in PMC 2014 September 30.
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indicating the sensitivity of 3~]CyNZ couplings to force field parameters. Interestingly, as the
X4 dihedral parameters were not changed between C22/CMAP and C36, the differences are
actually associated with differences in the rotamer distribution of the side chain dihedral
angles X3, X2, X1, as well as backbone ¢ and . This is illustrated in Fig. S3, where 2
dimensional X4-X3, X3-X2, X2-X1, X1~ and x1- @ distributions for Lys33 are plotted. The better
correlation between experimental and computed SJCVNZ couplings with the C36 FF indicates
improved sampling of these dihedrals and significant difference in the sampling of x;
between C22/CMAP and C36 occurs. This is consistent with the optimization performed in
C36 on X1 and x», where it was noted that lysine was among residues most improved in C36
with respect to x; J couplings.12 This result also emphasizes that care must be taken in
interpreting experimental observables with respect to which aspect of a FF should be
adjusted to improve the particular agreement with experiment.

From the lysine J coupling analysis it was observed that a systematic underestimation of the
computational coupling was obtained, as shown in Fig. 2A. This was mainly due to the
Karplus coefficient that was used. For example, SJCVNZ in Lys27 was measured to be 2.45
Hz, however, based on the Karplus coefficients (A=1.29 Hz, B=—0.49 Hz and C=0.37 Hz)
the largest possible coupling magnitude is 2.15 Hz when x4=180°. As shown in Fig. 2C, the
X4 angle of Lys27 in the simulations were fluctuating in a narrow range around X4=180° and
correctly predicted its 3JCVNZ coupling to be the highest (2.09 Hz) among lysine residues.
The Karplus coefficient we adopted was originally developed for X; torsion in lysines, and
to account for difference in chemical environment leading to the observed systematic shifts
in couplings it was decided to alter the parameters, especially the angle-independent
parameter C as also performed by Perez et al.** Incremental Karplus parameter AC was
estimated to be 0.26 Hz by comparing the average coupling magnitudes of the experimental
measurement and calculations. Computed scalar couplings using this new set of Karplus
parameter for lysine x4 scalar couplings (A=1.29 Hz, B=-0.49 Hz and C=0.63 Hz) were
plotted in Fig. 2B. The RMSD between experimental and computed 3JCVN( couplings was
0.27 Hz and 0.09 Hz for C22/CMAP and C36 FF, respectively.

Two scalar couplings across the sidechain - backbone hydrogen bonds, Lys29 -NH3* to
Glu16 C=0 and Lys33 -NH3* to Thrl4 C=0 have been reported.58 MD simulations with
both CHARMM FFs can satisfactorily reproduce the experimental measurements as listed in
Table 5. C36 leads to slightly a larger coupling magnitude compared with C22/CMAP,
while both captured the weak nature of the interaction. To better understand the related
interactions H-bond analysis was carried out with a cutoff criteria of 2.4 A, with the results
listed in Table S2. As expected the three protons in the lysine NH3* groups were
approximately equivalent during the nanosecond simulations. Both H-bonds were weak as
reflected in their low occupancy (34% for Lys29-Glul6 and 6% for Lys33-Thr14), and of a
highly transient nature with mean residence times of 20 ps. It was found that H-bonding to
backbone C=0 groups were competing with other acceptors such as side chain C=0 groups.
The Lys33 -NH3* group formed H-bonds with the Thr14 backbone C=0 group for 6% of
the simulation time and with the Glu34 sidechain C6=0¢, group for 7% of the time.
Increasing the occupancy of the Lys33-Thrl14 H-bonds from 6% to 18% should bring the
computed thNZC' coupling from 0.06 Hz closer to the experimental value of 0.17 Hz. Such
shifts in H-bond population will involve a complicated interplay between lysine side chain
dynamics and its electrostatics environment. The changes in the C36 dihedral parameters
would only affect the side chain dynamics. In contrast, Piana et a/revised the C22 charges
of the Arg, Asp and Glu side chains to improve the description of salt-bridge interactions, in
particular they proposed altering the partial charge for the Glu Cd and Og¢ atoms from 0.62 ¢
and —0.76 eto 0.56 eand —0.69 27 which would in our case reduce the H-bond occupancy
between Lys33 NH3™ and Glu34 C3=0¢ and thus increase the occupancy between Lys33
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NH3z* and Thrl4 C=0 groups. This may lead to larger scalar couplings across Lys33-Thr14
H-bonds and potentially better agreement with the experimental values.

15N relaxation order parameters S2 around the CyN¢ axis of lysine -NH3™ groups were also
computed from the MD trajectories and compared with experimental values.>” The flexible
nature of the amino groups was captured in the simulations as reflected in the low order
parameters, which also yielded quite large computational uncertainties (Table 6). The
uncertainties of S2 from 100 ns MD simulations were about 0.1 while those from the 1.2 s
simulation with C36 were around 0.02 as listed in Table 6. RMSD between experimental S2
and those from the 1.2 pys MD trajectory equaled 0.09, and the correlation coefficient is 0.92.
Qualitatively, all simulations correctly identified the lysine residues with the largest (Lys27),
second largest (Lys11) and lowest (Lys48) order parameters. The largest deviation between
simulation and experiment was Lys29, where simulations significantly underestimated the
NH3* relaxation order parameter.

4. Side-chain NMR analysis of methyl groups in ubiquitin

NMR spectroscopy has also been used to study the side chain methyl (CH3) groups in
ubiquitin.>%-61 Methyl-containing residues in ubiquitin include 16 leucines, 14 isoleucines, 7
valines, 6 threonines, 2 alanines and 1 methionine. Order parameters of the side-chain
methyl 3-fold axis motions in these amino acids were computed and compared with
experimental measurement by Lee et a/>° The magnitude of experimental S2 varies
dramatically among different residues, and simulations reproduce the trend as shown in Fig
3. C36 FF leads to better correlation (/=0.84) than C22/CMAP (r=0.69). Leu and Val were
found to improve the most in C36 with RMSDs half of those of C22/CMAP as illustrated in
Table 7, while no improvement was observed for Thr residues. C36 predicted too flexible
CyHz groups in Thr (too low S2), especially for Thr7 and Thr9, as shown in Fig. 3A. The
vast difference in the methyl S of Thr7 between experiment (0.75), C22/CMAP (0.86) and
C36 (0.30) was the main reason C36 FF yielded larger RMSD and Q factors. It was noted
that considering protein X1 J couplings threonine was among residues that C22/CMAP
provided better prediction than C36.12

Additional side-chain NMR data are methyl RDCs. Axial RDCs of methyl groups in
ubiquitin were computed with MD simulations using the scaled alignment tensor®0.62 fitted
with NH RDCs in the same alignment medium as detailed in the methods section, and
compared with experimental RDCs for nine alignment media (listed in Table S1). It was
found that 100 ns was too short for convergence, as also observed in Ref. 3. Results from
the 1.2 ys MD trajectory with C36 FF were plotted in Fig. 4. Correlation between
experimental and computational RDCs was good for lle (correlation coefficient /=0.89), Val
(r=0.84), Thr (+=0.96) and Ala (=0.94), while the quality of agreement was lower with Leu
(r=0.61). The average Q factor for the all the methyl RDCs equals 0.55, similar to the recent
calculation by Bruschweiler and coworkers based in a 1 us MD simulation with the
ff99SBnmr1-ILDN force field and with the ubiquitin EROS ensemble.53

5. Backbone N-H Order parameters

Hen egg white lysozyme has been used as a model system to validate the CHARMM22
force field with and without CMAP.34 It was found that the CMAP extension to C22
provided more accurate dynamic properties of HEWL, especially better reproduction of
backbone N-H relaxation order parameters. Here we studied the effect of the new CMAP
and other revisions made in C36 on backbone N-H S2 from 200 ns MD simulations. Order
parameters computed from MD simulation with the C22/CMAP FF were first compared
with those presented in Ref. 34, and the same S2 values were obtained within the calculated
uncertainty as illustrated in Fig. S5. As shown in Fig. 5, C36 leads to lower S2 values than
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C22/CMAP while the RMSDs between experimental and computed S2 (excluding flexible
tails) equaled 0.09 for both FFs. Significantly smaller order parameters were observed in
loop regions with C36. The dip of S2 at residue 85 and residues 101-104 in the C36
simulations reproduced very well the experimental data, while the lower S2 for residues 18—
20 deviated further from the experimental values. Smaller S? values were also observed in
residues 109-114, which constitutes a short helix in the x-ray structure. This helical element
was well maintained during the MD simulation with C22/CMAP while it was disrupted in
the C36 trajectory (see Fig. S4). The average fraction helix of residues 109-114 during MD
simulations was found to be 90% with the C22/CMAP FF and 41% with the C36 FF by
DSSP analysis.54 C36 was developed in part to decrease the C22/CMAP FF’s general bias
towards helical conformations.®> However, the new FF in this particular region yielded
backbone motions with increased flexibility over those obtained from the model-free
analysis of the N-H relaxation experiments. C36 was also observed to be slightly more
flexible as compared to C22/CMAP in other proteins such as ubiquitin (see Fig. S5 and
Table S3). The mean S2 value of all six proteins studied in this work decreased from 0.81
with C22/CMAP to 0.79 with C36 force field. For ubiquitin the C36 simulation leads to
lower backbone S? values as compared to the experimental values for residues 8-11 (see
Fig. S5), which form the loop region of the N-terminal B-hairpin. Thus, while this loop is the
most mobile region in ubiquitin except for the C-terminal tail, the C36 FF overestimates its
flexibility. We note that the experimental S2 order parameters were derived from NMR
relaxation raw data (T1, T, and NOE) assuming an overall tumbling correlation time,
therefore the comparison between computed and experimental S2 can only be

approximate. 66

Conclusion

In this work we validated the most recent CHARMM protein FF for its ability to reproduce a
range of protein NMR properties calculated from MD simulations. The studied NMR
properties were not used in the parametrization of the C36 FF so the results presented here
serve as an independent validation of the model. The C36 FF was found to provide better
correlation between experimental and computed hydrogen bond scalar couplings in five
proteins, implying a better description of H-bonds in proteins. It also led to better
reproduction of backbone RDCs in ubiquitin when considering an extensive set of alignment
medium. The improvement observed was not large, but it reflected a general improvement in
the total quality of the underlying FF given the fact that both H-bond J couplings and RDCs
are not directly related to one or a few FF terms. It was also found that C36 yielded slightly
more flexible internal dynamics with respect to backbone N-H relaxation order parameters.

NMR observables characterizing side chain -CHz and -NH3* groups in protein were also
studied. In particular we showed that MD simulations with the C36 FF were able to
reproduce a series of NMR data related to lysine -NH3™ moieties in ubiquitin. The lysine
sidechain-backbone NH3*--CO hydrogen bond scalar couplings have been, to our
knowledge, for the first time computed from molecular simulation. Better correlation
between experimental and computational NMR data for long side chains, such as SJCVNZ
couplings and methyl S2 was observed with C36 compared to C22/CMAP, and this should
mainly be attributed to the optimization of the x; and X, torsional parameters in the C36 FF.
The general ability of the revised C36 FF to better reproduce NMR data that are largely
influenced by nonbond interactions emphasizes the importance of proper treatment of the
internal, covalent aspect of a FF in modeling nonbond interactions.

The results presented in this work highlighted the advantage of using the C36 force field in
protein simulations. The present work emphasizes the ability of the FF to more accurately
treat folded proteins as well as equilibrium of conformations observed in partially disorded
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peptides.12:14 In addition, the experimental NMR data considered here are expected to be
also useful in validating and benchmarking other molecular mechanics force field, especially
the Drude polarizable force field currently under extensive development,16:67-70

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ubiquitin protein G

Figure 1.

Comparison between experimental and calculated "3Jyc couplings in ubiquitin (A) and GB1
(B), and the absolute deviations of "3 coupling for each H-bond in ubiquitin (C) and GB1
(D). Green open squares and red filled circles denote results from the C22/CMAPandC36
FFs, respectively. The uncertainties of calculated "3c couplings plotted as the error bars in
A and B were estimated by block average analysis.
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Figure 2.

Lysine 3Jc nz couplings in ubiquitin. A: Correlation between experimental and

computed *Jcyng couplings with Perez’s Karplus coefficient (A=1.29 Hz, B=-0.49 Hz and
C=0.37 Hz); B: Correlation between experimental and computed 3~]CVNZ couplings with
revised Karplus coefficient (A=1.29 Hz, B=-0.49 Hz and C=0.63 Hz); C: Histograms of
they, distribution of individual lysine side chains from the MD ensembles. Green open
squares and red filled circles denote for results from the C22/CMAPand C36 FFs,
respectively.
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Figure 3.

Side-chain methyl order parameterS? in ubiquitin. Black line denotes experimental values,
while green open squares and red filled circles denote for results from the C22/CMAP and
C36 FFs, respectively.
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Comparison between experimental and computed side-chain methyl RDCs in ubiquitin from
1.2 us MD simulation with the C36 FF. The correlation coefficient and Q factors are listed
for each individual methyl-containing residue types.
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Figure 5.

Comparison between N-H order parameter S2 in HEWL derived from relaxation experiment
(solid black line)and 200 ns MD simulations with C22/CMAP (green) and C36 (red) FFs,
respectively.
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Table 1

Protein | PDB ID | box size (A) | ions | Simulation time and ensemble
100 ns NVT simulation with C36 FF
ubiquitin lubq 58.4 none | 100 ns NVT simulation with C22/CMAP FF
1.2 s NPT simulation with C36 FF
100 ns NVT simulation with C36 FF
protein G B1 domain 2gmt 56.7 K*
100 ns NVT simulation with C22/CMAP FF
100 ns NVT simulation with C36 FF
cold-shock protein A 1mijc 52.4 K*
100 ns NVT simulation with C22/CMAP FF
100 ns NVT simulation with C36 FF
apo-calmodulin 1gx5 70.0 Ca?*
100 ns NVT simulation with C22/CMAP FF
100 ns NVT simulation with C36 FF
Intestinal fatty acid binding protein | lifc 63.4 none
100 ns NVT simulation with C22/CMAP FF
200 ns NPT simulation with C36 FF
hen lysozyme 6lyt 60.0 CI~
200 ns NPT simulation with C22/CMAP FF
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Average Q factors describing the agreement between calculated and experimental RDCs over different sets of
alignment medium. D10 represented the RDC data set that was previously used by Bruschweiler and

coworkers in Ref. 42, D36M represented RDC data set from Lakomek et a/ for self-consistent model-free
analysis®2, D23M contained RDCs from 23 alignment media that increased homogeneity in the self-consistent
model-free analysis®2, while D44 is the union of D10 and D36M data sets. The standard errors were given in

parentheses.

Table 4

alignment data set | No. of medium | <Q> from C22/CMAP

<Q> from C36

D10%2 10 0.271 (0.022)
D23MS2 23 0.263 (0.022)
D36MS2 36 0.259 (0.013)
D44 44 0.264 (0.012)

0.240 (0.024)
0.236 (0.021)
0.231 (0.014)
0.236 (0.013)
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Through-bond and through-space J couplings in lysines in ubiquitin. Experimental values were taken from

Ref. 57 and calculated results were from 100 ns MD simulations with the C22/CMAP and C36 FFs,
respectively. Computational uncertainties were estimated from block analysis. For hydrogen bond scalar
couplings, the residues containing the acceptor C=0 group are given in parentheses.

Jealc (H2)
Jexp(Hz)
C22/CMAP C36
Lys6 1.78 £0.25 1.82 £0.05 1.63+0.07
Lys1l 1.89 +£0.03 2.25+0.04 1.91+0.09
Lys27 2.45+0.03 2.35+0.01 2.35+0.00
Ve Lys29 126003 127+009  1.36%0.07
Lys33 1.60+£0.01 1.03 £ 0.06 1.74 £0.06
Lys48 1.49+0.01 1.53 +0.06 1.49+0.08
Lys63 1.71+£0.01 1.45+0.05 1.73+£0.06
haJNch Lys29 (Glul6) -0.23+0.03 -0.24+0.03 -0.27+0.04
Lys33 (Thrl4) -0172002 -0.02+001 -0.0620.02
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Relaxation order parameter S2 for the lysine NH3* groups in ubiquitin. The experimental values were taken
from Ref. %6, and the calculated results were obtained from 100 ns NVT simulation with C22/CMAP, 100 ns

NVT simulation with C36 FF and 1.2 ys NPT simulation with C36 FF, respectively.

calc

s? exp

C22/CMAP C36 C36 (1.2 ps)
Lys6 - 0.18+0.10 0.15+0.08 0.22+0.03
Lysll 0415+0.039 050+0.10 0.40+0.10 0.44%0.02
Lys27 0.709+0.021 0.68+0.08 0.69+0.08 0.73+0.01
Lys29 0.378+0.017 0.11+0.07 0.14+0.08 0.19+0.03
Lys33 0.248+0.005 0.23+0.10 0.22+0.11 0.30%0.03
Lys48 0.192+0.005 0.11+0.08 0.10+0.07 0.11+0.02
Lys63 0.267+0.006 0.13+0.09 0.14+0.09 0.19+0.01
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