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Abstract: Biological function of biomolecules is accompanied by a wide range of motional
behavior. Accurate modeling of dynamics by molecular dynamics (MD) computer simulations is
therefore a useful approach toward the understanding of biomolecular function. NMR spin
relaxation measurements provide rigorous benchmarks for assessing important aspects of MD
simulations, such as the amount and time scales of conformational space sampling, which are
intimately related to the underlying molecular mechanics force field. Until recently, most
simulations produced trajectories that exhibited too much dynamics particularly in flexible loop
regions. Recent modifications made to the backbone ¢ and w torsion angle potentials of the
AMBER and CHARMM force fields indicate that these changes produce more realistic molecular
dynamics behavior. To assess the consequences of these changes, we performed a series of
5—20 ns molecular dynamics trajectories of human ubiquitin using the AMBER99 and
AMBER99SB force fields for different conditions and water models and compare the results
with NMR experimental backbone N—H S? order parameters. A quantitative analysis of the
trajectories shows significantly improved agreement with experimental NMR data for the
AMBER99SB force field as compared to AMBER99. Because NMR spin relaxation data (73,
T,, NOE) reflect the combined effects of spatial and temporal fluctuations of bond vectors, it is
found that comparison of experimental and back-calculated NMR spin-relaxation data provides
a more objective way of assessing the quality of the trajectory than order parameters alone.
Analysis of a key mobile S-hairpin in ubiquitin demonstrates that the dynamics of mobile sites
are not only reduced by the modified force field, but the extent of motional correlations between
amino acids is also markedly diminished.

1. Introduction actions, while MD simulations provide information on the
NMR spin relaxation spectroscopy and molecular dynamics motions of all atoms of a biomolecute? Due to the strong
(MD) computer simulations are both widely used tools to dependence of the MD simulation on the applied force field
study the dynamics of biomolecules. Although both methods and the computational protocolalidation of simulations
probe motions on the picosecond to nanosecond range, theygainst experimental data is critically important. NMR spin
are highly complementary in many aspects. Spin relaxation re|axation data reflect motional amplitudes and time scales
is sensitive to reorientational dynamics of the lattice functions of hoth overall tumbling and internal motions for many sites

of spin-relaxation active interactions, such as#ibond  throughout a protein and are therefore excellently suited for
vectors belonging t&°N—H magnetic dipole-dipole inter- this task
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parameter by Lipari and Szab6'® S is a measure of the  ditional motions are present on nanosecond to millisecond
spatial restriction of the NH vector in a molecule-fixed time scales that are not reflected in relaxation-derigd
frame that takes values between 0 (large amounts of motion)values. Therefore, as MD trajectories are increasing in length,
and 1 (no motion) and which can be extracted from a further drop ir¥ values, at least for some protein systems,
longitudinalT;, transversé,, and heteronuclear Overhauser is expected.
effect (NOE) data. Due to the underlying spin physics, the  An alternative approach for assessing the quality of a
experimental order parameters only report on motions that protein MD trajectory directly compares experimental and
occur on time scales comparable to or faster than the overallpredictedTs, T,, and NOE relaxation parameters by leaving
tumbling correlation timer. of the biomolecule, which is  out the S order parameter comparison as an intermediate
typically in the low nanosecond range. Such comparisons step!®26-28 This approach requires both a proper description
between MD simulations and NMR relaxation have been of internal motions as well as an accurate modeling of overall
hampered in two important ways. First, due to the limited tumbling. A related approach directly compares spectral
available computer power, MD trajectories have typically density component¥w),'® whereby the extraction of spectral
been much shorter than the overall tumbling correlation time densities from the experiment requires additional experiments
and therefore did only reflect a subset of motions observed or makes additional assumptioffs.
in NMR relaxation experiments. Therefore, the computed  Here, we report the results of molecular dynamics trajec-
order parameters were on average higher than the ones ofories of the well-characterized protein ubiquitin computed
longer simulations using the same force field. Second, in the AMBER software packag®, using both the
computed order parameters belonging to loop regions wereAMBER99! and the modified AMBER99SB?5force fields.
often found to be substantially lower than their experimental Several sets of experimental NMR spin relaxation data have
counterparts, raising questions about the adequacy of thepeen published for ubiquiti#?, 36 making it a valuable model
applied computational protocols or force fields. It is important system for assaying the quantitative accuracy of the MD-
to note that because these two kinds of errors have thederived NMR relaxation parameters. Ubiquitin has also been
tendency to cancel each other at least partially, agreementuccessfully used as a model system for the MD investigation
between calculated and experimenglvalues could be  of NMR relaxation active motion in the past, yielding
accidental without validating the quality of the force field fundamental insight into the nature of internal protein
itself. dynamics®437:38 More recently, a 0.2us ubiquitin MD

At the same time, the development of simplified contact trajectory calculated using the GROMOS96 43al force¥eld
models led to the remarkably accurate predictionSf was reported by Nederveen and Bonvin (referred to as the
profiles from average 3D structures relying on very few “NB trajectory” from here on) from which both order
adjustable parametets.2t This shows that the problem is  parameters and spin relaxation parameters were comguted.
generally not rooted with local features of the structural The results of the current work indicate that the modified
model but rather with the MD force field itself. AMBER99SB force field performs qualitatively better than

The situation has started to change recently due to thePrevious force fields at reproducing experimental order
availability of increased computer power and adjustments Parameters, and it yields NMR spin relaxation parameters
made to the force fields. A correction to the CHARMM C22 in near-quantitative agreement with experimental values.
force field, called CMAP, was introduced, which modifies
the potential of the backbone torsion angjeandy.?? The 2. Materials and Methods
use of this corrected force field was found to improve the 2 1. Molecular Dynamics Simulations Explicit solvent MD
overall agreement between MD-derived and experimental trajectories were run using the AMBER 8.0 software
NMR order parameters of hen lysozyme, although some packagé® with the AMBER9Y! and the AMBER99SH25
discrepancies remafi.A similar modification was intro-  force field under particle mesh Ewald periodic boundary
duced into the AMBER99 force field with the result that an  conditions*® Two initial configurations were generated in
implicit solvent trajectory of HIV-1 protease yielded dynam-  which ubiquitin (PDB code 1UB@)was solvated with 6080
ics in good agreement with experimental data for that water molecules represented with either the SPC or TIP3P
systent:* Improvements provided by the AMBER99SB force  modef? such that no solute atom was within 12 A of a box
field at reproducing experimental order parameters have beeredge. The four resulting systems (AMBER99 with SPC,
further demonstrated for hen lysozyme and human ubi- AMBER99 with TIP3P, AMBER99SB with SPC, and
quitin.?® AMBER99SB with TIP3P) were energy-minimized and

As MD simulations now routinely exceed in length the heated to 50 K through 10 ps of canonical (NVT) MD, with
overall tumbling correlation timeg., order parameters a2 fstime step and SHAKE constraints on bonds involving
computed over the whole trajectory include motions that are hydrogen atonf$ followed by heating to 150 and 300 K in
too slow to affect in significant wayd,, T,, and NOE successive 20 ps steps under the same conditions. Next, the
relaxation parameters. Because these motions would not besystems were allowed to equilibrate in a 50 ps isothermal
reflected in the experimentad® values, their effect on isobaric (NPT) simulation in order to equilibrate the solvent
calculated & values introduces a bias and makes the density. After this initial equilibration period, an additional
comparison of experimental and simulation results at the 5.0 ns of production MD was performed on each of the four
order parameter level not straightforward. In fact, recent systems under NPT conditions, and separately, 5.0 ns of
residual dipolar coupling measurements suggest that ad-production MD was performed under NVT conditions. The
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result was a set of eight 5.1 ns trajectories, spanning allis determined bl/:1848
combinations of the two force fields, two water models, and
two production run conditions. Snapshots of each trajectory
were stored to disk every 1.0 ps during both the equilibration
and production periods. Finally, the AMBER99 and
AMBER99SB trajectories computed under NPT conditions where oy, ? are the variances of the normalized spherical
with the SPC water model were extended for a further 15.0 harmonics of rank 2Yar[6(t),¢(t)], over the trajectory and
ns yielding final trajectories 20.1 ns in length. Superposition 6(t) andg(t) are the polar angles representing the interaction
of the snapshots to remove the effects of overall translation vector relative to a fixed internal frame. Equation 5 is valid
and rotation was performed within the AMBER ptraj module for monoexponentially decaying correlation functions with
by superimposing the backbone heavy atoms of residuesa correlation time faster than the overall tumbling correlation

2

m

4, 2
Clo)=S = 1—;122 oy, (6)

1-72, using the snapshot at the midpoint of the production
run (2.5 or 10.0 ns) as the reference structure.

2.2. Correlations Functions and Order Parameters.
Bloch—WangsnessRedfield spin relaxation theoty+’

time t. or for multiexponential correlation functions with
all correlation times much shorter thap

Recently, a general method for calculating NMR spin
relaxation parameters from MD trajectories, known as

expresses spin-relaxation rates induced by reorientationalisotropic reorientational eigenmode dynamics (iRED), was

motion in terms of the spectral density functions:

Jw) =2 [ C(t) cospt)dt (1)
where C(t) is the time correlation function of the lattice
portion of the spin interaction causing relaxation. For the
relaxation of*>N spins in proteins, the relevant interactions
are the magnetic dipotedipole interaction with the co-
valently bonded proton spin and tH& chemical shielding

anisotropy. The principal axes of the tensors describing these

two interactions are assumed to be collinear and parallel with
the ®>N—1H bond vector. For a protein in isotropic solution,
the reorientational correlation function in eq 1 takes the
form

CH) = Pl x(7) e e(r + )]0 )

where P, is the second Legendre polynomiaP,[ =
x(3x2 — 1)], e is a unit vector collinear with the bond
vector defined relative to the laboratory frame (LF), and the
angular brackets indicate averaging over time

The “model-free” formalism developed by Lipari and
Szabo for parametrization of the functions described in eqs
1 and 2 requires that any internal motions of the interaction
vector be separable from global tumbling of the moleétié.
For isotropic overall tumbling, eq 2 may then be factored as

®)

whereCq(t) andCi(t) describe global and internal reorienta-
tion, respectively, where the correlation functiGs(t) is

(4)

wherert. is the rank 2 correlation time for global tumbling.
The internal correlation function is approximated by

®)

where the unit vectoe is defined relative to a fixed internal
frame. C(t), which is normalized €,(0) = 1], decays with
an effective correlation timer§) to a plateau valué&?, the

C(t) = Co® (1)

Co) = e

C(t)=Pler) et + )| I=S+ (1—He ™

introduced® In this method, the snapshots generated from
the MD trajectory are treated analytically to yield an isotropic
ensemble from which a covariance mathik is computed
with elements

M; = % B, eLF,j)2 — 10 (7)
whereeg; andeg; are the normalized bond vectors, taken
from the same snapshot, and the brackets indicate averaging
over all snapshots. Because eq 7 contains only inner products,
M is rotationally invariant; that is, it is valid in an arbitrary
frame that makes no assumptions about separability between
internal and overall tumbling motions values can be
computed fronM by solving the eigenvalue problelkh|m>

= Amim> (m =1, ...,N, whereN = number of interaction
vectorse,) and using®

N—-5
F=1- Z/lmnqu

where the sum extends over the N-5 eigenvectons
corresponding to internal modes with eigenvalugdi.e.,
all eigenvectors except those with the five largest eigenval-
ues). Equation 8 provides a computationally efficient way
to determine order parameters without requiring the explicit
removal of overall tumbling from the trajectory.

2.3. Spectral Density Functions and Spin Relaxation.
To obtain an accurate estimate fQrfrom a MD trajectory,
the trajectory’s length must exceegby at least -2 orders
of magnitude, which poses a challenge even for modern
computers. Moreover, MD simulations tend to significantly
underestimate.. Therefore, when constructing the overall
correlation functionC(t) from the trajectory, it is often
advantageous to first compu@(t) from the trajectory and
model Co(t) with a 7. determined experimentallyCi(t) is
computed using the left part of eq 5 after first removing
overall tumbling by superimposing each snapshot with
respect to a reference snapshot.

OnceCi(t) is computed, it can be converted by Fourier
transform (eq 1) into the spectral density function needed to

(8)

square of the generalized order parameter. The angularcalculate NMR spin relaxation parameters. For this purpose,

brackets indicate averaging over timeS represents the
spatial restriction of the motion of the interaction vector and

it is convenient to fit the numerical correlation function to a
set of exponentials, so that the spectral density function can
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be expressed analytically as a sum of LorentzfdriEhe
internal correlation functions are computed for the interval
t=20, ..., 0.3wp, WwhereTyp is the total length of the
molecular dynamics trajectory. Each correlation function is
then fit to a multiexponential functiofT:

5
C(t) = A+ - 9
() = A kZlAke ©)

subject to the normalization condition thatA; = 1.0 ( =
0, ..., 5),A« = 0, and 0= 7y for all k. Because it captures
the long correlation time behavior @(t), Ay is analogous
to & from the Lipari-Szabo model (eq 5).

The best-fit parameters generated from fitting the MD
correlation functions to eq 9 are used in combination with
the experimental value af. to calculate the spectral density
function:

A2t, 5 A2r

Jw) = + (10)
N 1+ (wt,)? kZ1+ (w7')?

wheret' = .til/(zc + 7). The spectral density functions are
then used to compute the NMR observabfés T, 15N T,
and the'H—'N NOE using the following well-known
equations®

Til= R, = dyJ33(y) + Jwy_y) + 6J@pss)] +
oo Iwy) (11)
£ = Ry = 20,43(0) + 3(w) + Jyy_y) + 6)(wy) +
2

630y 0] + Goan T430) + 3] (12)

Y
NOE=1+ V—:dooTl[eJ(me) —Joy )] (13)

wheredy, = (1/20) (ol 47)?(027)? yn2 YH?<INH 2>2, Coo =
(1/15)A0?, uo is the vacuum permeabilith is Planck’s
constant;yy andyy are the gyromagnetic ratios &iN and
1H, respectivelyryy = 1. 02 A is the N-H bond length,
and Ag = —160 ppm is the chemical shift anisotropy of
15N in an amide groupwn, wu, wn+h, and wy—y are the
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and NOE or sePr = Ry, R, and NOE, and the sum runs
over the residues for which both experimental and MD data
are available. FoPr, mobile residues with larg&; and T,
values are emphasized, whereasHgrthe influence of these
residues orQ is diminished.

2.4. Torsion Angle Correlations.As the AMBER99 and
AMBER99SB force fields differ in theigp and vy torsion
angle potential®} it is important to understand what (if any)
influence the reparametrization has on the extent of correlated
motions among these torsion angles. A complex covariance
matrix C can be defined with elemefits

Cy, = cov(cog,,cod)) + cov(sing,,sing)) +
icov(co®,,sing)) — icov(sirg,,cod)) (15)

where cov{,g) = <f*g> — <f*><g>, wheref andg are
functions of the torsion anglék, (¢ andy for each residue).

In contrast to cowv, ), eq 15 does not depend on the choice
of the origin of the torsion angle® and 6.

3. Results and Discussion

3.1. Overall Effects of the AMBER99 and AMBER99SB
Force Fields.Analysis of the ubiquitin molecular dynamics
trajectories computed with both the AMBER®%&nd the
AMBER99SPB*?5force fields indicates that all simulations
are stable over the course of the production runs. The
backbone € atom root-mean-square difference (RMSD) of
each snapshot with respect to the crystal structure (excluding
the mobile C-terminal tail residues #36) shows that, after

an initial equilibration period, each of the trajectories
represents an ensemble with similar RMSD values. The
RMSD traces for the AMBER99 and AMBER99SB trajec-
tories with the SPC water model under NPT conditions,
which will be discussed in greater detail below, are shown
in Figure 1A. The € RMSDs of the individual residues,
which provide site-specific information regarding the extent
of motion sampled throughout the protein backbone, shows
clear differences between these two trajectories (Figure
1B): the extent of fluctuations in several of the loops is larger
with AMBER99 than with AMBER99SB. The rigidification

of the backbone torsion anglgsandy in AMBER99SBE?®

is also reflected in the average angular RMSDgatndy

in the hairpin loop (residues—710), which decreases from

Larmor frequencies as well as their sum and difference in 20.1° to 16.3 for AMBER99SB in an NPT simulation with

radians per second éfN andH spins, respectively.

SPC water, while the angular RMSD values for the secondary

The quality of the agreement between experimental and structural elements, which are intrinsically more rigid, remain

calculated values of;, T,, and NOE was assessed in a way
that is independent of their relative magnitudes. For this
purpose, we define a parame@yin analogy to the) value
used for residual dipolar couplings:

1 N 1,
N Z (P;:)bs_ Pipreo)z
=

2

b=
1 - obs 2
30

1/2 (14)

whereP°PsandPred are the experimentally and MD-derived
values, respectively, of either the parameterket Ty, To,

unchanged at about-712° in both trajectories.

3.2. Comparison of Calculated Order Parameters with
Experiment. Order parameters computed from MD trajec-
tories are commonly used as a metric for comparing
dynamics found in experiments and simulations. Such
comparison focuses on the spatial aspects of motion but does
not provide direct information on agreement of the corre-
sponding time scales. Besides the length of the trajectory,
several factors in the simulation may influence the calculated
order parameters including the force field, the choice of water
model, and the choice to run NVT- or NPT-type dynamics.
The impact of these factors was assessed by calculating a
total of eight trajectories combining the AMBER99 or
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Figure 1. Backbone fluctuations over the 20 ns trajectories computed with AMBER99 (green) and AMBER99SB (red) under
NPT conditions with SPC water. The backbone RMSD for all residues (A) is comparable between the two trajectories. The
AMBER99 trajectory experiences larger fluctuations for many of the residues in mobile regions (B), although the backbone
RMSD is similar for many residues of the most rigid regions of ubiquitin.

Table 1. Statistical Comparison of Order Parameters order parameters. Although the statistics also indicate slightly
Calculated from Each of the 5 ns MD Trajectories with the better results for NPT conditions, the difference between NPT
Experimental Data Set* and NVT conditions is minimal compared to the difference
data set Ry® R RMSD® <Syp?Sywr?>¢ caused by changing the force field. Comparing the results
AMBER99, SPC, NPT 0817 0784 0069  0.99+ 0.11 for the SPC and TIP3P water models suggests that the choice
AMBER 99, SPC, NVT 0.776 0.785 0.078 0.99 + 0.12 of water model has some, albeit small, effect on calculated
AMBER 99, TIP3P, NPT~ 0.901 0.763 0.086  0.95+ 0.15 order parameters.
AMBER 99, TIP3P, NVT 0.901 0.765 0.076 0.96 + 0.12 While the agreement between the predi(%dalues using
AMBER 99SB, SPC, NPT 0.921 0.794 0042 1.02+0.05 AMBER99SB and the experimental results of Lienin et al.

AMBER 99SB, SPC, NVT  0.919 0.766 0.048 1.02 + 0.07
AMBER 99SB, TIP3P, NPT 0.946 0.811 0.036 1.02 + 0.04
AMBER 99SB, TIP3P NVT 0.964 0.826 0.044 1.01 +0.10
experimental set3? 0.981 0.902 0.026 0.99 £+ 0.05

2 Pearson’s correlation coefficient between the simulation and the

is overall good®* it is important to know if further improve-
ments can realistically be expected. Tjandra €€ dlave
reported ubiquitin order parameters under conditions very
similar to those of the Lienin et &.data set. The bottom

experimental set.3* » Spearman’s rank correlation coefficient between row of Table 1 shows that these two experimental data sets
the simulation and the experimental set3* ¢Root-mean-square are well-comparable, reflecting good reproducibility and high
deviation between the simulation and the experimental set.34 9 Av- quality and they provide information about inherent uncer-

erage is taken over all residues for which there are both MD and

experimental data. tainties in experimentally derived order parameters. The

correlation between the two experimental data sets is clearly

AMBER99SB force fields, with either the SPC or TIP3P higher than the correlation between the experimental data
water models, running either under NVT or NPT conditions. and the best MD-derived data set, which helps establish an
All eight trajectories combining these three parameter pairs upper limit for the agreement between simulations and
were run for 5 ns of production dynamics and then analyzed experiments that can be expected under optimal circum-
to yield & for each backbone NH bond vector. The MD-  stances.

derived order parameters are compared with the 61 experi- The averageSup?Suwr? ratio (see the final column of
mentally determined values from Lienin et3alused here  Table 1) suggests that the AMBER99 trajectories slightly
as a reference. Statistics of the comparison are summarizedverestimate the dynamics of ubiquitin, while the
in Table 1. In general, AMBER99SB trajectories have higher AMBER99SB trajectories slightly underestimate them (al-
correlation coefficients, a lower RMSD, and a lower standard though in both cases the difference from a 1:1 ratio is less
deviation in theSup%Suwr? ratio than the corresponding than the standard deviation over the data set). Ratios less
AMBER99 trajectories, demonstrating that the AMBER99SB than one for the AMBER99 simulations are consistent with
force field does a better job of reproducing experimental a body of literature reporting that MD trajectories based on
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Table 2. Order Parameter Statistics as a Function of
Trajectory Duration with Respect to the Experimental Set3*

data set Rpa Rsb RMSD¢ <SMD2/SNMR2>d
AMBER 99, 500 ps 0.775 0.722 0.066 1.05 + 0.16
AMBER 99, 1 ns 0.791 0.741 0.062 1.04 +0.14
AMBER 99, first 5 ns 0.817 0.784 0.069 0.99 £ 0.11
AMBER 99, second 5 ns 0.907 0.785 0.058 0.82 £ 0.11
AMBER 99, third 5 ns 0.730 0.760 0.071 1.01 +£0.14
AMBER 99, fourth 5 ns 0.709 0.790 0.076 1.01 +0.16
AMBER 99, 10 ns 0.865 0.810 0.082 0.97 £0.11
AMBER 99, 20 ns 0.853 0.795 0.084 0.97 £ 0.12
AMBER 99SB, 500 ps 0.916 0.733 0.051 1.04 + 0.06
AMBER 99SB, 1 ns 0.901 0.745 0.052 1.04 + 0.07
AMBER 99SB, 5 ns 0.921 0.794 0.042 1.02 + 0.05

AMBER 99SB, second 5ns 0.942 0.801 0.042 1.03+0.11
AMBER 99SB, third 5 ns 0.882 0.743 0.052 1.04 + 0.07
AMBER 99SB, fourth5ns 0.808 0.760 0.060 1.04 £ 0.14
AMBER 99SB, first 10 ns 0.938 0.807 0.039 1.02 + 0.05
AMBER 99SB, 20 ns 0.944 0.807 0.040 1.01 + 0.07

a Pearson’s correlation coefficient between the simulation and the
experimental set.3* » Spearman’s rank correlation coefficient between
the simulation and the experimental set.3* ¢ Root-mean-square
deviation between the simulation and the experimental set.3* ¢ Av-
erage is taken over all residues for which there are both MD and
experimental data.

this and similar force fields often underestim&ein loop
regionsl:,lo,l&lG,SZ

The trajectories using the two force fields exhibit differ-
ences in their internal motional correlation times, and
therefore the total length of the trajectoilyp, required to
produce optimal agreement with experimerfalalues is
different for the two force fields. To demonstrate this effect,

Showalter and Brschweiler

calculated with the AMBER99SB force field did not display
the baseline offset seen here, because the comparison was
made against a different experimental data set with slightly
higher order parameters, on average, for the rigid $#&s.
Comparison against the Tjandra ef&éxperimental values
relieves the baseline offset but does not improve the quality
of agreement otherwise (data not shown). On average, the
GROMOS96 force field reproduces the order parameters of
the rigid sites in ubiquitin quite wef® and the CHARMM
C22/CMAP force field performs similarly well for the rigid
sites of hen lysozym&

By contrast, mobile regions of ubiquitin, such as the
p-hairpin loop and several of the loops closer to the C-
terminus of the protein, turn out to be too floppy in the
AMBER99 simulation, whereas they tend to be in good
agreement with experimental results in the AMBER99SB
simulation (Figure 2). Plots of the AMBER99 order param-
eters computed after 1 and 20 ns correlated against the
experimental data (Figure 3A and C) suggest that the 1 ns
order parameters are the best result for the AMBER99
trajectory. This is in contrast to the AMBER99SB trajectory,
which appears to improve by most of the applied statistical
measures as the trajectory duration increases (Table 2 and
Figure 3B,D).

Figure 2 shows that the order parameters for the mobile
regions & < 0.85) clearly differ between the AMBER99
and AMBERO99SB trajectories. While for both force fields
these order parameters decrease as the total trajectory time
increases (Figure 3), the rate of change is much larger for
the AMBER99 force field than for AMBER99SB. Order

the order parameters were computed from the AMBER99 Parameters calculated over 20 ns show that the dynamics of
and AMBER99SB trajectories after 500 ps and 1, 5, 10, and the mobile regions are too unrestricted in the AMBER99
20 ns and compared against the experimental values (Tabldrajectory (Figures 2 and 3c). A similar behavior has been
2). The order parameters from the 20 ns AMBER99 and Observed in the NB trajectof.

AMBER99SB trajectories are plotted as a function of the

For AMBER99, it is clear from Table 2 and Figure 3A

residue number, along with the experimental values of Lienin and C that the 1 ns trajectory does a better job of reproducing

et al®*in Figure 2. For the relatively rigid site§{> 0.85),
both the AMBER99 and AMBER99SB simulations tend to
overestimates, regardless of the length of the trajectory,
which results in<Syp?Swr?> > 1.0 (at least for short
trajectories). A previously reported ubiquitin trajectory

the dynamics of the mobile regions of ubiquitin than the
longer trajectories. The continuous increase of the RMSD
as the trajectory duration increases and the accompanying
decrease ik Sup¥Sumr>> dominated by the underestimated
order parameters of the mobile regions indicates that the

1.0 T T T
08’

06f
g?

0.4

0.2

Residue Number

Figure 2. Ubiquitin backbone N—H bond order parameter profiles from 600 MHz NMR data (black line)3* and iRED analysis of
the 20 ns AMBER99 trajectory (green diamonds) and AMBER99SB (red triangles) trajectories.
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Figure 3. Ubiquitin backbone N—H bond order parameter correlation plots. Order parameters calculated from the AMBER99
trajectory at 1 ns (A), and 20 ns (C) and the AMBER99SB trajectory at 1 ns (B) and 20 ns (D) are correlated with the same
experimentally derived data set in all panels.3*

problem lies wi e force field itself rather than with poor with correlation times slower than global tumbling. They wi

blem | th the fi field itself rather th th th lation t I th lobal tumbling. Th Il

sampling statistics, as is further demonstrated through thehave to be validated using experimental data that are sensitive

analysis of 10 ns subtrajectories of the AMBER99 simulation to these motions, such as residual dipolar couplPgE.

(see the Supporting Information). By contrast, itis clear from 3 3 Time-Correlation Functions and Relaxation Pa-

Figures 2 and 3D that the 20 ns AMBER99SB trajectory ameters. Time scales of internal dynamics can be extracted

reproduces the dynamics of the mobile regions of ubiquitin ¢o 1, yeorientational correlation functions of each N bond

well. This conclusion is szupporged by the decreasing RMSD vector calculated from a trajectory according to eq 2. For a

olf tlhe Itr)'/al'ector alndl by more detailed anzl sis ofulo ns correlation function to a plateau is (multi)exponential. For a
J Y, Y Y finite trajectory, only if a correlation function is well-

subtrajectories provided as Supporting Information. ) .
J P PP 9 converged does it approach a plateau value, which corre-

AJgEégggtB'sgarg?y cogs;llsteln t with pre\'/loulslg'/ér??sp%rted sponds to the compute® order parameter. Because the
ubiquitin and hen lysozyme simulationan statistical error of a correlation function becomes often

a hen lysozyme trajectory computed with the CHARMM : :
C22ICMAP force fiedBoth AMBER99SB and Crarmi ((BREREN, B0 B0 TEM e BRI o o
C22/CMAP were produced from their parent force fields by Cit 9 ted h ) );)tl E Ith uth !
adjusting the backbong andy torsion parameters, and the | ® a're_ computed here up to times By3. Even then, there

is a finite chance for the occurrence of rare events, for

improvement at reproducing NMR order parameters indicates s o X
that these changes were made in the right direction. However,£X@mple, a local torsion angle transition, which can lead to

the question of whether these modified potentials properly the absence of a plateau Gx(t).

sample the amplitudes and time scalegpadndy fluctua- For the calculation of NMR relaxation data from a
tions on even longer time scales (tens of nanoseconds tatrajectory, high-quality correlation functions are required only
milliseconds) cannot be addressed by comparison with spin-for timest < .. Therefore, the presence of rare events is
relaxation-derive® values, which are insensitive to motions inconsequential for the NMR relaxation parameter calculation
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Figure 4. Ubiquitin backbone N—H bond correlation functions from the 20 ns AMBER99 trajectory (A, C, E, and G) and
AMBER99SB trajectory (B, D, F, and H). The green line (AMBER99) and the red line (AMBER99SB) are the correlation functions
computed from the trajectories, and the thin lines are the best fit to the correlation functions generated using eq 9. Best fit
parameters for all correlation functions in this figure are presented in Table 3 (AMBER99) and Table 4 (AMBER99SB). The
experimental order parameter3* is represented as a dashed line in each panel for reference.

as long as the average recurrence time of such eventdunctions are those of Leu 8 (Figure 4D), Lys 11 (Figure
significantly exceeds. (4.1 ns for ubiquitin). 4F), and Gly 47 (Figure 4H) from the AMBER99SB

A set of 72 correlation function§(t) has been computed ~ Simulation.
for t < 6 ns, corresponding to each of the 72 backbthe- The third category of correlation functions is characterized
H pairs for both 20 ns trajectories using AMBER99 and Dy substantial deviation from multiexponential decay be-
AMBER99SB. The correlation functions show different havior without a clear indication of convergence toward a
behaviors that can be subdivided into three distinct categories Platéau. Excluding the C-terminal tail, 15 correlation func-
The first category is exemplified by the correlation functions 110NS computed from the AMBERO9 trajectory fall into this

of Asn 25 (Figure 4A,B). They are characterized by an Cat€gory (Leu 8, Thr 9, Gly 10, Lys 11, Ser 20, lle 36, GIn
extremely rapid drop fron€(0) = 1 to a value typically 41 Ala 46, Gly 47, Lys 48, GIn 49, Leu 50, Gly 53, Arg
near 0.9, followed by a rapid convergence to a stable plateau54’ and Thr 55). All of these residues but lle 36 display large

value corresponding t&. The very fast time-scale motions erors in their order parameters (Figure 2). The only core
: — N . domain residues in the AMBER99SB trajectory that fall into
producing the initial decay reflect local librations. Their effect

. . ar . . this category are Ser 20, which is also one of the residues
on spin relaxation rates is simply scaling 8% that is, the . : . .
. : ) . with the worst predicted order parameter from this trajectory,
precise correlation times of these motions do not enter. . .
. e . and GIn 41, which also has a predicted order parameter below
Consequently, multiexponential fitting of these correlation

. . 2 the experimental value.
functions to eq 9 yields only a few significantly nonzeso . . . .
. . The two categories of correlation functions reflecting
and A values, withAg closely matching®, as can be seen L . - .
. . significant internal mobility (categories 2 and 3) can be
for Asn 25 in both the AMBER99 trajectory (Table 3) and : . ) .
: . illustrated for residues-#11, which form the loop region of
the AMBER99SB trajectory (Table 4). Relaxation parameters . g L . )
L . the N-terminals-hairpin. This is the most mobile region of
of N—H bond vectors that exhibit this type of correlation

f . h I duced bv both the AMBER99 ubiquitin, except for the C-terminal tail. Tables 3 and 4
unction are rather wefl-reproduced by both the include a summary of the fitting parameters for these residues

and the AMBER99SB trajectories. from the AMBER99 and AMBER99SB trajectories, respec-
The second category of correlation functions exhibits a tively. For all sites in this loopA, is much lower thar&? in
rapid drop at the beginning, similar to that found for the the AMBER99 simulation, consistent with the absence of a
first category, followed by decay with a correlations time plateau in the calculated correlation functions. Exponents
> 1 ps to a platea® < 0.85. Examples of such correlation with 7y > 1.0 ns are observed in these sites, contributing
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Table 3. Exponential Fitting Parameters for the 20 ns AMBER99 Trajectory

residue A2 Az Az Ay As
number Ao tlb T2 73 T4 Ts5 Sz(NMR)C
7 0.733 0.103 0.025 0.006 0.027 0.107 0.850
11 387.104 192.394 192.392 12.236 0.013
8 0.000 0.792 0.055 0.034 0.027 0.092 0.800
9846.996 363.549 41.353 5.185 0.031
9 0.364 0.360 0.000 0.089 0.060 0.128 0.750
4201.172 1196.254 105.116 7.747 0.005
10 0.460 0.195 0.000 0.000 0.125 0.219 0.750
4109.661 3159.690 2904.702 126.644 0.015
11 0.078 0.474 0.235 0.085 0.086 0.042 0.710
9323.300 114.892 4.706 0.032 0.000
25 0.894 0.009 0.073 0.008 0.009 0.008 0.910
719.858 0.604 0.034 0.026 0.008
47 0.614 0.149 0.117 0.016 0.087 0.017 0.810
275.002 5.592 0.037 0.005 0.000

a A, are the amplitudes of the corresponding exponential contributions to the correlation function (eq 9). ? Correlation times, 74, are given in
units of picoseconds. ¢ Lienin et al.3*

Table 4. Exponential Fitting Parameters for the 20 ns AMBER99SB Trajectory

residue A8 A Az As As
number Ao ‘L']_b T2 73 T4 Ts5 SZ(NMR)C
7 0.854 0.005 0.024 0.004 0.022 0.091 0.850
340.465 340.446 340.446 21.858 0.019
8 0.775 0.008 0.006 0.048 0.056 0.108 0.800
589.888 587.012 586.469 59.368 0.014
9 0.693 0.002 0.006 0.077 0.149 0.000 0.750
879.298 879.071 39.568 0.002 0.000
10 0.693 0.005 0.004 0.037 0.084 0.176 0.750
470.807 470.333 469.508 22.166 0.007
11 0.580 0.003 0.090 0.001 0.131 0.195 0.710
540.833 539.761 539.701 36.031 0.028
25 0.901 0.006 0.068 0.008 0.009 0.008 0.910
269.870 0.603 0.034 0.014 0.002
47 0.778 0.042 0.033 0.042 0.080 0.024 0.810
9355.259 49.153 4.560 0.009 0.009

a A, are the amplitudes of the corresponding exponential contributions to the correlation function (eq 9). 2 Correlation times, 74, are given in
units of picoseconds. ¢ Lienin et al.3*

20% or more of the total amplitude &f(t). In the examples  correlation function is well-converged aside from being
of Leu 8 and Lys 11, a plateau is never actually reached slightly noisier than some of the other correlation functions
due to the large amplitude contribution from low nanosecond (Figure 4F). In addition to the influence of the underestimated
time scale motion (Figure 4C, Table 3). While these motions order parameter, the discrepancy between back-calculated
have a notable effect on the calculat&dvalues, they are  and experimental relaxation parameters for Lys 11 stems
too slow to affect the relaxation parameters in a significant largely from the presence of a sizable 540 ps motional mode
way. Therefore, the poor agreement between the spin(Table 4), which is highly relaxation-active. Increasing the
relaxation parameters calculated from the AMBER99 trajec- threety of 540 ps to 2 ns without adjustment of any of the
tory and the experimental values (Figure 5) does not stemamplitudesA, results in a reduction of the back-calculated
from these slower motions but, rather, from the large- T; from 618 to 582 ms and, from 239 to 230 ms and
amplitude motions on the subnanosecond time scale (noteincreases NOE from 0.511 to 0.647. The agreement with
the presence of 160400 psty associated witld > 0.1 for the experimental valued{ = 518 ms,T, = 205 ms, and
these residues in Table 3). NOE = 0.608) is improved by this parameter adjustment,
The behavior of the correlation functions for thénairpin suggesting that the 540 ps motion dominating the back-
vectors is quite different in the AMBER99SB trajectory, as calculated relaxation parameters in the simulation is absent
is summarized in Table 4. Although the values/sfare in the experiment.
still noticeably lower than the experimental order parameters There are several sites outside of théairpin which
for most sites, they are all much higher than those of the display significantly enhanced dynamics in the AMBER99
AMBER99 trajectory. Similar to the AMBER99 trajectory, trajectory. The locations in primary sequence of residues with
the order parameter calculated for Lys 11 deviates signifi- low order parameters in the AMBER99 trajectory and in the
cantly from its experimental value, despite the fact that its NB trajectory are similar but not identical (compare Figure
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Figure 5. 600 MHz T,, T,, and NOE data predicted from the 20 ns AMBER99 (A, C, and E) and AMBER99SB (B, D, and F)
trajectories. Computed values are displayed as green (AMBER99) or red (AMBER99SB) diamonds along with the experimental
values®* as a black line for reference.

2 with Figure 6 of ref 28), whereas the discrepancy between agreement with experimental results for most of the rigid
the MD and experimental order parameters of these sites isresidues found in secondary structural elements. However,
reduced or eliminated for all sites in the AMBER99SB it is again apparent that the dynamics of théairpin loop
trajectory. For example, the correlation function for Gly 41 (residues 7#10) and numerous other loops are severely
(Figure 4G,H) and its fit parameters (Tables 3 and 4) indicate overestimated in the AMBER99 trajectory, consistent with
a significant change in dynamics caused by the change inthe order parameter analysis. The NB trajectory was also
force field. Gly 47 has a relatively high experimental order used to back-calculate the relaxation parameters of ubiquitin,
parameter & = 0.81)3* which is very different from the  and the authors found poor agreement in similar regidns.
value predicted from the AMBER99 simulatiof (= 0.63). The AMBER99SB trajectory, on the other hand, reproduces
In contrast, the correlation function from the AMBER99SB the experimental relaxation times and heteronuclear NOEs
trajectory for Gly 47 rapidly converges to a stable asymptote well for most sites.
(Figure 4H) and has a predicted order parameter of 0.82, in  While the overall agreement between experimental and
excellent quantitative agreement with experimental results calculated values of;, T,, and NOE is clearly higher for
($ =0.81)% the AMBER99SB trajectory than for the AMBER99 trajec-
Calculating®>N T; and*N T, spin relaxation times and  tory, the different magnitudes of the individual parameters
heteronuclear NOEs is a stringent test of an MD trajectory’s makes a quantitative comparison less straightforward. In
quality, because it requires that both the amplitude and theanalogy to theQ value used for residual dipolar couplings,
time scales of spin-relaxation active motion be reproduced the parameter®r andQg presented in Table 5 (eq 14) allow
well. For this purpose, the fit parameters from the correlation direct quantitative comparison between the individual pa-
functions are used to generate spectral densiiesfor each rameters, by renormalizing the RMSD to eliminate the
N—H bond vector along the ubiquitin backbone using eq influence of differences in parameter magnitudes. In general,
10. These spectral density functions are then used to calculat&g is lower thanQr because the influence of the C-terminal
T,, T2, and NOE (egs 1113) for a magnetic field strength  tail residues, which are less well-modeled even in the 20 ns
of 14.1 T, which corresponds to the field strength at which AMBER99SB trajectory, is diminished iQr as compared
the reference data set was measuféche results are shown  to Qr. This effect is seen most clearly by comparing RMSD,
in Figure 5. Note that residues 225 display chemical Qr, andQr for the AMBER99SB trajectory.
exchange contributions @ which occur on the microsecond The use ofQrr demonstrates why comparison of simula-
to millisecond time scale and are not modeled here. tion against experimental spin-relaxation times and hetero-
On average, the AMBER99SB trajectory significantly nuclear Overhauser effects is a more objective measure of
better predictd;, T,, and NOE than the AMBER99 trajectory  simulation quality than comparison wifff alone. Statistics
(Table 5). At the level of individual residues, both the and correlation plots (Table 2 and Figure 3) indicate that
AMBER99 trajectory (Figure 5, left panels) and the the 1 ns AMBER99 trajectory yields the highest-quality
AMBER99SB trajectory (Figure 5, right panels) show good reproduction of the experimental order parameters of any
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Figure 6. Internal motion correlations in the S-hairpin of ubiquitin (residues 5—12) from the 20 ns AMBER99 and AMBER99SB
trajectories. Rank 2 reorientational motion of backbone N—H bond vectors is represented as the iRED covariance matrix for
internal motion constructed only from the N-5 eigenvectors corresponding to internal motion for AMBER99 (A) and AMBER99SB
(B). Correlations in the backbone ¢ and v torsion angles are represented by a cross-correlation matrix of the real part of eq 15
for AMBER99 (C) and AMBER99SB (D). The backbone structure diagram in the center of the figure displays the residues of the
B-hairpin represented in panels A—D, with three key covariance interactions from the AMBER99SB iRED matrix mapped as
solid lines (where the N—H bond vectors project out of the page) and a dashed line (where the N—H bond vectors project into
the page). The imaginary part of the covariance matrix of eq 15 behaves similarly to the real part depicted in panels C and D.

Table 5. Spin Relaxation Times and Heteronuclear Overhauser Effects Calculated from the 20 ns AMBER99 and
AMBER99SB Trajectories with Respect to the Experimental Data

data set? Ryb R RMSD¢ 0 (OR)® <MD/NMR >
AMBER99, T, 0.866 0.744 0.029 0.061 (0.051) 1.016 + 0.057
AMBER99, T» 0.846 0.600 0.029 0.150 (0.091) 1.031 +0.118
AMBER99, NOE 0.747 0.659 0.119 0.173 0.900 + 0.235

s = 0.384 (0.315)

AMBER99SB, T; 0.913 0.729 0.024 0.050 (0.043) 1.006 -+ 0.048
AMBER99SB, T 0.943 0.635 0.022 0.119 (0.062) 0.981 + 0.072
AMBER99SB, NOE 0.938 0.517 0.066 0.091 1.030 + 0.153

s = 0.260 (0.196)

2 Residues lle 21 and Asn 25 are excluded from the calculation because of an exchange contribution to the experimental T, which would not
be reproduced in the simulation. ? Pearson’s correlation coefficient between the simulation and the experimental set.3* ¢ Spearman’s rank
correlation coefficient between the simulation and the experimental set.3* ¢ Root-mean-square deviation between the simulation and the
experimental set.3* € Q value between the simulation and the experimental set calculated from eq 14. Values in parenthesis are calculated from
R1, Rz, and NOE. f Average is taken over all residues for which there is both MD and experimental data.

subtrajectory from that simulation, and yet the ta@alfor 3.4. Dynamics of thef-Hairpin Loop. Having demon-
that trajectory Qr = 0.453) is clearly worse than that for strated that the AMBER99SB simulation reproduces well
the full 20 ns trajectory@r = 0.315). This demonstrates experimental order parameters, spin relaxation times, and
that an order parameter comparison, while informative, doesheteronuclear Overhauser effects, the trajectory is used to
not provide a quantitative assessment of the quality of a study the dynamics of the turn of th&hairpin near the
trajectory because it ignores the potentially complex interplay N-terminus of ubiquitin in more detail. Application of the
between time scale and amplitude effects. RED protocol, which is a variant of the iIRED protocol used
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10— ] nanoseconds range. These simulations are reaching the point
where they allow one to systematically assess and distinguish
I . ] between finite conformational sampling effects and the
057 /. ] accuracy of the force field itself.
@ / " . Comparisons with NMR order parameters have long
§ . Coatt ' .;x - ] suggested that the amount of dynamics of protein loops are
L S S - S 1 systematically overestimated in MD trajectories. Recent
P> A e, modifications of backbone potentials of both the CHARMM
I s : ] C22 force field and the AMBER99 force field produce
-05( - ] significant improvements for both force fielé&2?° Due to
the distinct sensitivity of the experimental NM& order
I ] parameters to the associated motional time scales, their
Qs usefulness as a comparison metric between simulation and
-1.0 -0.5 0.0 05 1.0 . . .
relaxation data is somewhat limited. Many computé&d
AMBER99 values depend on the duration of the trajectory with longer
Figure 7. Comparison of torsion-angle correlation coefficients trajectories displaying on average lower computed order
between B-hairpin matrices using AMBER99 (Figure 6C) and parameters. This is consistent with experimental evidence
AMBER99SB (Figure 6D). The average correlation coef- from residual dipolar couplings measured in multiple align-
ficients are 0.017 + 0.270 for AMBER99 and 0.013 + 0.196 ment media suggesting the presence of additional motions
for AMBER99SB. The linear correlation coefficient between on nansecond to millisecond time scales that are not captured
the AMBER99 and the AMBER99SB correlations is R, = 0.48. by Ti-type relaxation dat55-57 At present, such motions

) ) ) ) ) cannot be comprehensively probed by standard MD simula-
in the present study, did previously show correlations in the tions; therefore, they will require other methods such as
reorientational motions of various residues in thbairpin enhanced sampling techniques.

loop including correlations between many of the backbone
torsional degrees of freedothOptimization of a combined

reorientational and torsional covariance matrix against
experimental spin relaxation data resulted in a clear reduction
of the amount of correlations among the torsional degrees

.
of freedom: implicitly includes the complex time-scale effects of the

__Similarly to the previous study, both the portllon of the  1\5tions on spin-relaxation parameters. While internal mo-
IRED covariance matrix corresponding to interal reorienta- yjo a1 correlation times can be separately extracted from a

gons of thef-hawpcljn and a matrix ?f cofrreler\;uon COEffiCIents ), qelfree analysi&!®or alternative treatmenté they are
etween thep andy torsion angles for the same region .-4i\y much less well-defined than the corresponding order

constrl_Jcted from the AMBERS_)Q trajectory shovv_ sign_ificant parameters, and they also depend on the model selection
(negative) correlations spanning the loop and its joining proceduré?

strands (Figure 6A,C). In contrast, the same matrices . N .
Because overall rotational tumbling is neither properly

computed from the AMBERI9SB trajectory suggest lower reproduced by current force fields nor properly sampled by

correlations between these sites (Figure 6B,D). The matricestra'ectories in the tens of nanoseconds. a hvbrid approach is
in Figure 6A and B are constructed by removing the ! -any P

. . . . used here that combines the experimentally derived overall
eigenmodes corresponding to global reorientation from the

. . . . tumbling correlation functiorCq(t) with the internal cor-
total iRED covariance matrix, and their diagonal elements : ) .
. . relation functionCi(t) calculated from the trajectory. A
are proportional to - & (eq 8). Figures 6 and 7 show that . .
; . . . drawback of the method is that the relaxation parameters
motional correlations are differentially altered and reduced cannot be meaninafully oredicted without accurate knowl
on average in the AMBER99SB trajectory relative to the gtufly p

AMBER99 trajectory. Because it is difficult to experimen- ﬁsg;g:nterircs)\ijesrii” t;mgb lt'(;]?hgc?:]rg?r:;)lnﬂ??;&';?ﬁﬁgg;ags
tally quantify these motional correlations (off diagonal P 9eq

elements of the matrices in Figure 6), validation of the O.f MD Frajectories were systematically reported in futurg
simulated correlations is not feasible at this time. Altered S::;:ﬁgfeﬁ'cifgearzgﬁ Ogaesk?;;;?lz;etzg;r:i i’xrilﬁxmaet':tgl
correlations are likely to have ramifications for estimating P ; Y ) . pernr
thermodynamic quantities, in particular, configurational relaxation data are available, either by using the experimen-

entropies, from trajectories using AMBER99SB. tally _determmed oyerall tumbling correla’qon time, or by
treating 7. as a fit parameter that optimizes agreement

) between the experiment and simulation. Such a procedure
4. Conclusions is a special case to the reporting of the dominant part of
Comparison of MD simulations against NMR spin-relaxation iRED eigenmodes together with their corresponding cor-
data represents a rigorous quality test of MD simulation relation times, from which the overall tumbling time can be
protocols and force fields. Presently available computational modeled by fitting the correlation times of the five eigen-
power enables routine calculation of molecular dynamics modes with the largest eigenvalues to the experimentaftiata.
trajectories of biomolecules extending into the tens of While in the present treatment isotropic overall tumbling is

We demonstrate here that comparison directly against the
“raw” relaxation parameter3;, T,, and NOE is comple-
mentary to and for fully quantitative purposes preferable over
the use ofS parameters to assess the performance of MD
simulations. Comparison based on relaxation parameters
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assumed, which is adequate for ubiquffiiit can be easily
extended to axially symmetric or fully anisotropic overall
tumbling motion®

We find that for ubiquitin the modified AMBER99SB
force field is better at reproducing both the amplitude and
time scale of spin-relaxation active internal motions than
AMBER99. The overall reproduction of NMR relaxation
times and the heteronuclear NOE, as well as NMR order
parameters, using this force field is good, which includes
the loop region of the N-termingl-hairpin. The reduction
in motional amplitudes is accompanied by both a slowdown
of the intramolecular dynamics and a reduction of torsion
angle correlations. Some discrepancies still remain with
AMBER99SB, indicating that there is room for further
improvement. Moreover, the rate of macromolecular global
tumbling is systematically overestimated in MD simulations
using most current water models, which will require im-
provements of the way explicit solvent water is modeled and
how water molecules interact with the solute. Such advances
would be particularly beneficial for assessing simulations of
(partially) unfolded and disordered protein systems whose
overall motion is not separable from internal dynamics and
for which an internal order parameter is not defined any
longer38.61.62
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