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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 æ and ψ 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 S2 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 (T1,
T2, 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 â-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
NMR spin relaxation spectroscopy and molecular dynamics
(MD) computer simulations are both widely used tools to
study the dynamics of biomolecules. Although both methods
probe motions on the picosecond to nanosecond range, they
are highly complementary in many aspects. Spin relaxation
is sensitive to reorientational dynamics of the lattice functions
of spin-relaxation active interactions, such as N-H bond
vectors belonging to15N-1H magnetic dipole-dipole inter-

actions, while MD simulations provide information on the
motions of all atoms of a biomolecule.1-4 Due to the strong
dependence of the MD simulation on the applied force field
and the computational protocol,5 validation of simulations
against experimental data is critically important. NMR spin
relaxation data reflect motional amplitudes and time scales
of both overall tumbling and internal motions for many sites
throughout a protein and are therefore excellently suited for
this task.

Comparisons of MD simulations6-16 with NMR relaxation
data typically focus on the generalized N-H S2 order

* Corresponding author tel.: 850-644-1768; fax: 850-644-8281;
e-mail: bruschweiler@magnet.fsu.edu.

961J. Chem. Theory Comput.2007,3, 961-975

10.1021/ct7000045 CCC: $37.00 © 2007 American Chemical Society
Published on Web 03/09/2007



parameter by Lipari and Szabo.17,18 S2 is a measure of the
spatial restriction of the N-H vector in a molecule-fixed
frame that takes values between 0 (large amounts of motion)
and 1 (no motion) and which can be extracted from
longitudinalT1, transverseT2, and heteronuclear Overhauser
effect (NOE) data. Due to the underlying spin physics, the
experimentalS2 order parameters only report on motions that
occur on time scales comparable to or faster than the overall
tumbling correlation timeτc of the biomolecule, which is
typically in the low nanosecond range. Such comparisons
between MD simulations and NMR relaxation have been
hampered in two important ways. First, due to the limited
available computer power, MD trajectories have typically
been much shorter than the overall tumbling correlation time
and therefore did only reflect a subset of motions observed
in NMR relaxation experiments. Therefore, the computed
order parameters were on average higher than the ones of
longer simulations using the same force field. Second,
computed order parameters belonging to loop regions were
often found to be substantially lower than their experimental
counterparts, raising questions about the adequacy of the
applied computational protocols or force fields. It is important
to note that because these two kinds of errors have the
tendency to cancel each other at least partially, agreement
between calculated and experimentalS2 values could be
accidental without validating the quality of the force field
itself.

At the same time, the development of simplified contact
models led to the remarkably accurate prediction ofS2

profiles from average 3D structures relying on very few
adjustable parameters.19-21 This shows that the problem is
generally not rooted with local features of the structural
model but rather with the MD force field itself.

The situation has started to change recently due to the
availability of increased computer power and adjustments
made to the force fields. A correction to the CHARMM C22
force field, called CMAP, was introduced, which modifies
the potential of the backbone torsion anglesæ andψ.22 The
use of this corrected force field was found to improve the
overall agreement between MD-derived and experimental
NMR order parameters of hen lysozyme, although some
discrepancies remain.23 A similar modification was intro-
duced into the AMBER99 force field with the result that an
implicit solvent trajectory of HIV-1 protease yielded dynam-
ics in good agreement with experimental data for that
system.24 Improvements provided by the AMBER99SB force
field at reproducing experimental order parameters have been
further demonstrated for hen lysozyme and human ubi-
quitin.25

As MD simulations now routinely exceed in length the
overall tumbling correlation timesτc, order parameters
computed over the whole trajectory include motions that are
too slow to affect in significant waysT1, T2, and NOE
relaxation parameters. Because these motions would not be
reflected in the experimentalS2 values, their effect on
calculated S2 values introduces a bias and makes the
comparison of experimental and simulation results at the
order parameter level not straightforward. In fact, recent
residual dipolar coupling measurements suggest that ad-

ditional motions are present on nanosecond to millisecond
time scales that are not reflected in relaxation-derivedS2

values. Therefore, as MD trajectories are increasing in length,
a further drop inS2 values, at least for some protein systems,
is expected.

An alternative approach for assessing the quality of a
protein MD trajectory directly compares experimental and
predictedT1, T2, and NOE relaxation parameters by leaving
out theS2 order parameter comparison as an intermediate
step.16,26-28 This approach requires both a proper description
of internal motions as well as an accurate modeling of overall
tumbling. A related approach directly compares spectral
density componentsJ(ω),16 whereby the extraction of spectral
densities from the experiment requires additional experiments
or makes additional assumptions.29

Here, we report the results of molecular dynamics trajec-
tories of the well-characterized protein ubiquitin computed
in the AMBER software package,30 using both the
AMBER9931 and the modified AMBER99SB24,25force fields.
Several sets of experimental NMR spin relaxation data have
been published for ubiquitin,32-36 making it a valuable model
system for assaying the quantitative accuracy of the MD-
derived NMR relaxation parameters. Ubiquitin has also been
successfully used as a model system for the MD investigation
of NMR relaxation active motion in the past, yielding
fundamental insight into the nature of internal protein
dynamics.34,37,38 More recently, a 0.2µs ubiquitin MD
trajectory calculated using the GROMOS96 43a1 force field39

was reported by Nederveen and Bonvin (referred to as the
“NB trajectory” from here on) from which both order
parameters and spin relaxation parameters were computed.28

The results of the current work indicate that the modified
AMBER99SB force field performs qualitatively better than
previous force fields at reproducing experimental order
parameters, and it yields NMR spin relaxation parameters
in near-quantitative agreement with experimental values.

2. Materials and Methods
2.1. Molecular Dynamics Simulations.Explicit solvent MD
trajectories were run using the AMBER 8.0 software
package30 with the AMBER9931 and the AMBER99SB24,25

force field under particle mesh Ewald periodic boundary
conditions.40 Two initial configurations were generated in
which ubiquitin (PDB code 1UBQ)41 was solvated with 6080
water molecules represented with either the SPC or TIP3P
model42 such that no solute atom was within 12 Å of a box
edge. The four resulting systems (AMBER99 with SPC,
AMBER99 with TIP3P, AMBER99SB with SPC, and
AMBER99SB with TIP3P) were energy-minimized and
heated to 50 K through 10 ps of canonical (NVT) MD, with
a 2 fs time step and SHAKE constraints on bonds involving
hydrogen atoms43 followed by heating to 150 and 300 K in
successive 20 ps steps under the same conditions. Next, the
systems were allowed to equilibrate in a 50 ps isothermal-
isobaric (NPT) simulation in order to equilibrate the solvent
density. After this initial equilibration period, an additional
5.0 ns of production MD was performed on each of the four
systems under NPT conditions, and separately, 5.0 ns of
production MD was performed under NVT conditions. The
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result was a set of eight 5.1 ns trajectories, spanning all
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
with the SPC water model were extended for a further 15.0
ns yielding final trajectories 20.1 ns in length. Superposition
of the snapshots to remove the effects of overall translation
and rotation was performed within the AMBER ptraj module
by superimposing the backbone heavy atoms of residues
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-Wangsness-Redfield spin relaxation theory44-47

expresses spin-relaxation rates induced by reorientational
motion in terms of the spectral density functions:

where C(t) is the time correlation function of the lattice
portion of the spin interaction causing relaxation. For the
relaxation of15N spins in proteins, the relevant interactions
are the magnetic dipole-dipole interaction with the co-
valently bonded proton spin and the15N chemical shielding
anisotropy. The principal axes of the tensors describing these
two interactions are assumed to be collinear and parallel with
the15N-1H bond vector. For a protein in isotropic solution,
the reorientational correlation function in eq 1 takes the
form

where P2 is the second Legendre polynomial [P2 )
1/2(3x2 - 1)], eLF is a unit vector collinear with the bond
vector defined relative to the laboratory frame (LF), and the
angular brackets indicate averaging over timeτ.

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 molecule.17,18

For isotropic overall tumbling, eq 2 may then be factored as

whereCO(t) andCI(t) describe global and internal reorienta-
tion, respectively, where the correlation functionCO(t) is

whereτc is the rank 2 correlation time for global tumbling.
The internal correlation function is approximated by17,18

where the unit vectore is defined relative to a fixed internal
frame.CI(t), which is normalized [CI(0) ) 1], decays with
an effective correlation time (τe) to a plateau valueS2, the
square of the generalized order parameter. The angular
brackets indicate averaging over timeτ. S2 represents the
spatial restriction of the motion of the interaction vector and

is determined by17,18,48

where σY2m
2 are the variances of the normalized spherical

harmonics of rank 2,Y2m[θ(t),æ(t)], over the trajectory and
θ(t) andæ(t) are the polar angles representing the interaction
vector relative to a fixed internal frame. Equation 5 is valid
for monoexponentially decaying correlation functions with
a correlation time faster than the overall tumbling correlation
time τc or for multiexponential correlation functions with
all correlation times much shorter thanτc.

Recently, a general method for calculating NMR spin
relaxation parameters from MD trajectories, known as
isotropic reorientational eigenmode dynamics (iRED), was
introduced.38 In this method, the snapshots generated from
the MD trajectory are treated analytically to yield an isotropic
ensemble from which a covariance matrixM is computed
with elements

whereeLF,i andeLF,j 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,
Mij is rotationally invariant; that is, it is valid in an arbitrary
frame that makes no assumptions about separability between
internal and overall tumbling motions.S2 values can be
computed fromM by solving the eigenvalue problemM |m>
) λm|m> (m ) 1, ...,N, whereN ) number of interaction
vectorsem) and using38

where the sum extends over the N-5 eigenvectors|m>
corresponding to internal modes with eigenvaluesλm (i.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 forτc from a MD trajectory,
the trajectory’s length must exceedτc by at least 1-2 orders
of magnitude, which poses a challenge even for modern
computers. Moreover, MD simulations tend to significantly
underestimateτc. Therefore, when constructing the overall
correlation functionC(t) from the trajectory, it is often
advantageous to first computeCI(t) from the trajectory and
model CO(t) with a τc determined experimentally.CI(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
calculate NMR spin relaxation parameters. For this purpose,
it is convenient to fit the numerical correlation function to a
set of exponentials, so that the spectral density function can

CI(∞) ) S2 ) 1 -
4π

5
∑

m)-2

2

σY2m

2 (6)

Mij ) 1
2

〈3(eLF,i eLF,j)
2 - 1〉 (7)

S2 ) 1 - ∑
m)1

N-5

λm||m〉j|2 (8)

J(ω) ) 2∫0

∞
C(t) cos(ωt)dt (1)

C(t) ) 〈P2[eLF(τ) eLF(τ + t)]〉 (2)

C(t) ) CO(t) CI(t) (3)

CO(t) ) e-t/τc (4)

CI(t) ) 〈P2[e(τ) e(τ + t)]〉 = S2 + (1 - S2) e-t/τe (5)
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be expressed analytically as a sum of Lorentzians.27 The
internal correlation functions are computed for the interval
t ) 0, ..., 0.3TMD, where TMD is the total length of the
molecular dynamics trajectory. Each correlation function is
then fit to a multiexponential function:27

subject to the normalization condition that∑j Aj ) 1.0 (j )
0, ..., 5),Ak g 0, and 0e τk for all k. Because it captures
the long correlation time behavior ofCI(t), A0 is analogous
to S2 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 ofτc to calculate the spectral density
function:

whereτ′ ) τcτk/(τc + τk). The spectral density functions are
then used to compute the NMR observables15N T1, 15N T2,
and the 1H-15N NOE using the following well-known
equations:49

wheredoo ) (1/20)(µo/4π)2(h/2π)2 γN
2 γH

2<rNH
-3>2, coo )

(1/15)∆σ2, µo is the vacuum permeability,h is Planck’s
constant,γN andγH are the gyromagnetic ratios of15N and
1H, respectively,rNH ) 1. 02 Å is the N-H bond length,
and ∆σ ) -160 ppm is the chemical shift anisotropy of
15N in an amide group.ωN, ωH, ωN+H, and ωH-N are the
Larmor frequencies as well as their sum and difference in
radians per second of15N and1H spins, respectively.

The quality of the agreement between experimental and
calculated values ofT1, T2, and NOE was assessed in a way
that is independent of their relative magnitudes. For this
purpose, we define a parameterQP in analogy to theQ value
used for residual dipolar couplings:50

wherePobsandPpredare the experimentally and MD-derived
values, respectively, of either the parameter setPT ) T1, T2,

and NOE or setPR ) R1, R2, and NOE, and the sum runs
over the residues for which both experimental and MD data
are available. ForPT, mobile residues with largeT1 andT2

values are emphasized, whereas forPR, the influence of these
residues onQ is diminished.

2.4. Torsion Angle Correlations.As the AMBER99 and
AMBER99SB force fields differ in theiræ and ψ torsion
angle potentials,25 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 elements51

where cov(f,g) ) <f*g> - <f*><g>, wheref andg are
functions of the torsion anglesθk,l (æ andψ for each residue).
In contrast to cov(θk, θl), eq 15 does not depend on the choice
of the origin of the torsion anglesθk andθl.

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 AMBER9931 and the
AMBER99SB24,25 force fields indicates that all simulations
are stable over the course of the production runs. The
backbone CR atom root-mean-square difference (RMSD) of
each snapshot with respect to the crystal structure (excluding
the mobile C-terminal tail residues 73-76) 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 CR 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 anglesæ andψ in AMBER99SB25

is also reflected in the average angular RMSDs ofæ andψ
in the hairpin loop (residues 7-10), which decreases from
20.1° to 16.3° for AMBER99SB in an NPT simulation with
SPC water, while the angular RMSD values for the secondary
structural elements, which are intrinsically more rigid, remain
unchanged at about 7-12° 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

Ck,l ) cov(cosθk,cosθl) + cov(sinθk,sinθl) +
icov(cosθk,sinθl) - icov(sinθk,cosθl) (15)

CI(t) ) A0 + ∑
k)1

5

Ak e-t/τk (9)

J(ω) )
A02τc

1 + (ωτc)
2

+ ∑
k)1

5 Ak2τ′

1 + (ωτ′)2
(10)

1
T1

) R1 ) doo[3J(ωN) + J(ωH-N) + 6J(ωN+H)] +

cooωN
2J(ωN) (11)

1
T2

) R2 ) 1
2
doo[4J(0) + 3J(ωN) + J(ωH-N) + 6J(ωH) +

6J(ωN+H)] + 1
6
cooωN

2[4J(0) + 3J(ωN)] (12)

NOE ) 1 +
γH

γN
dooT1[6J(ωH+N) - J(ωH-N)] (13)

QP )
[1

N
∑
i)1

N

(Pi
obs- Pi

pred)2]1/2

[1

N
∑
i)1

N

(Pi
obs)2]1/2

(14)
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AMBER99SB force fields, with either the SPC or TIP3P
water models, running either under NVT or NPT conditions.
All eight trajectories combining these three parameter pairs
were run for 5 ns of production dynamics and then analyzed
to yield S2 for each backbone N-H bond vector. The MD-
derived order parameters are compared with the 61 experi-
mentally determined values from Lienin et al.34 used here
as a reference. Statistics of the comparison are summarized
in Table 1. In general, AMBER99SB trajectories have higher
correlation coefficients, a lower RMSD, and a lower standard
deviation in theSMD

2/SNMR
2 ratio than the corresponding

AMBER99 trajectories, demonstrating that the AMBER99SB
force field does a better job of reproducing experimental

order parameters. Although the statistics also indicate slightly
better results for NPT conditions, the difference between NPT
and NVT conditions is minimal compared to the difference
caused by changing the force field. Comparing the results
for the SPC and TIP3P water models suggests that the choice
of water model has some, albeit small, effect on calculated
order parameters.

While the agreement between the predictedS2 values using
AMBER99SB and the experimental results of Lienin et al.
is overall good,34 it is important to know if further improve-
ments can realistically be expected. Tjandra et al.33 have
reported ubiquitin order parameters under conditions very
similar to those of the Lienin et al.34 data set. The bottom
row of Table 1 shows that these two experimental data sets
are well-comparable, reflecting good reproducibility and high
quality, and they provide information about inherent uncer-
tainties in experimentally derived order parameters. The
correlation between the two experimental data sets is clearly
higher than the correlation between the experimental data
and the best MD-derived data set, which helps establish an
upper limit for the agreement between simulations and
experiments that can be expected under optimal circum-
stances.

The averageSMD
2/SNMR

2 ratio (see the final column of
Table 1) suggests that the AMBER99 trajectories slightly
overestimate the dynamics of ubiquitin, while the
AMBER99SB trajectories slightly underestimate them (al-
though in both cases the difference from a 1:1 ratio is less
than the standard deviation over the data set). Ratios less
than one for the AMBER99 simulations are consistent with
a body of literature reporting that MD trajectories based on

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
Calculated from Each of the 5 ns MD Trajectories with the
Experimental Data Set34

data set Rp
a Rs

b RMSDc <SMD
2/SNMR

2>d

AMBER99, SPC, NPT 0.817 0.784 0.069 0.99 ( 0.11

AMBER 99, SPC, NVT 0.776 0.785 0.078 0.99 ( 0.12

AMBER 99, TIP3P, NPT 0.901 0.763 0.086 0.95 ( 0.15

AMBER 99, TIP3P, NVT 0.901 0.765 0.076 0.96 ( 0.12

AMBER 99SB, SPC, NPT 0.921 0.794 0.042 1.02 ( 0.05

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 set33 0.981 0.902 0.026 0.99 ( 0.05
a Pearson’s correlation coefficient between the simulation and the

experimental set.34 b Spearman’s rank correlation coefficient between
the simulation and the experimental set.34 c Root-mean-square
deviation between the simulation and the experimental set.34 d Av-
erage is taken over all residues for which there are both MD and
experimental data.

Validation of Molecular Dynamics Trajectories J. Chem. Theory Comput., Vol. 3, No. 3, 2007965



this and similar force fields often underestimateS2 in loop
regions.1,10,14-16,52

The trajectories using the two force fields exhibit differ-
ences in their internal motional correlation times, and
therefore the total length of the trajectory,TMD, required to
produce optimal agreement with experimentalS2 values is
different for the two force fields. To demonstrate this effect,
the order parameters were computed from the AMBER99
and AMBER99SB trajectories after 500 ps and 1, 5, 10, and
20 ns and compared against the experimental values (Table
2). The order parameters from the 20 ns AMBER99 and
AMBER99SB trajectories are plotted as a function of the
residue number, along with the experimental values of Lienin
et al.34 in Figure 2. For the relatively rigid sites (S2 g 0.85),
both the AMBER99 and AMBER99SB simulations tend to
overestimateS2, regardless of the length of the trajectory,
which results in<SMD

2/SNMR
2> > 1.0 (at least for short

trajectories). A previously reported ubiquitin trajectory

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 sites.25,33

Comparison against the Tjandra et al.33 experimental 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 well,28 and the CHARMM
C22/CMAP force field performs similarly well for the rigid
sites of hen lysozyme.23

By contrast, mobile regions of ubiquitin, such as the
â-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 (S2 < 0.85) clearly differ between the AMBER99
and AMBER99SB 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
parameters calculated over 20 ns show that the dynamics of
the mobile regions are too unrestricted in the AMBER99
trajectory (Figures 2 and 3c). A similar behavior has been
observed in the NB trajectory.28

For AMBER99, it is clear from Table 2 and Figure 3A
and C that the 1 ns trajectory does a better job of reproducing
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 in<SMD

2/SNMR
2> dominated by the underestimated

order parameters of the mobile regions indicates that the

Table 2. Order Parameter Statistics as a Function of
Trajectory Duration with Respect to the Experimental Set34

data set Rp
a Rs

b RMSDc <SMD
2/SNMR

2>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 5 ns 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, fourth 5 ns 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.34 b Spearman’s rank correlation coefficient between
the simulation and the experimental set.34 c Root-mean-square
deviation between the simulation and the experimental set.34 d Av-
erage is taken over all residues for which there are both MD and
experimental data.

Figure 2. Ubiquitin backbone N-H bond order parameter profiles from 600 MHz NMR data (black line)34 and iRED analysis of
the 20 ns AMBER99 trajectory (green diamonds) and AMBER99SB (red triangles) trajectories.
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problem lies with the force field itself rather than with poor
sampling statistics, as is further demonstrated through the
analysis of 10 ns subtrajectories of the AMBER99 simulation
(see the Supporting Information). By contrast, it is clear from
Figures 2 and 3D that the 20 ns AMBER99SB trajectory
reproduces the dynamics of the mobile regions of ubiquitin
well. This conclusion is supported by the decreasing RMSD
and the approach of<SMD

2/SNMR
2> to 1.0 (Table 2), by the

similarity in the statistics from each of the four 5 ns subsets
of the trajectory, and by more detailed analysis of 10 ns
subtrajectories provided as Supporting Information.

This result is largely consistent with previously reported
AMBER99SB ubiquitin and hen lysozyme simulations25 and
a hen lysozyme trajectory computed with the CHARMM
C22/CMAP force field.23 Both AMBER99SB and CHARMM
C22/CMAP were produced from their parent force fields by
adjusting the backboneæ andψ torsion parameters, and the
improvement at reproducing NMR order parameters indicates
that these changes were made in the right direction. However,
the question of whether these modified potentials properly
sample the amplitudes and time scales ofæ andψ fluctua-
tions on even longer time scales (tens of nanoseconds to
milliseconds) cannot be addressed by comparison with spin-
relaxation-derivedS2 values, which are insensitive to motions

with correlation times slower than global tumbling. They will
have to be validated using experimental data that are sensitive
to these motions, such as residual dipolar couplings.53-57

3.3. Time-Correlation Functions and Relaxation Pa-
rameters.Time scales of internal dynamics can be extracted
from reorientational correlation functions of each N-H bond
vector calculated from a trajectory according to eq 2. For a
well-sampled Markov process, the decay of the time-
correlation function to a plateau is (multi)exponential. For a
finite trajectory, only if a correlation function is well-
converged does it approach a plateau value, which corre-
sponds to the computedS2 order parameter. Because the
statistical error of a correlation function becomes often
unacceptably large for timest > TMD/3 (whereTMD is the
total length of the trajectory), internal correlation functions
CI(t) are computed here up to times 0.3TMD. Even then, there
is a finite chance for the occurrence of rare events, for
example, a local torsion angle transition, which can lead to
the absence of a plateau inCI(t).

For the calculation of NMR relaxation data from a
trajectory, high-quality correlation functions are required only
for times t e τc. Therefore, the presence of rare events is
inconsequential for the NMR relaxation parameter calculation

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.34
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as long as the average recurrence time of such events
significantly exceedsτc (4.1 ns for ubiquitin).

A set of 72 correlation functionsCI(t) has been computed
for t e 6 ns, corresponding to each of the 72 backbone15N-
1H pairs for both 20 ns trajectories using AMBER99 and
AMBER99SB. The correlation functions show different
behaviors that can be subdivided into three distinct categories.
The first category is exemplified by the correlation functions
of Asn 25 (Figure 4A,B). They are characterized by an
extremely rapid drop fromCI(0) ) 1 to a value typically
near 0.9, followed by a rapid convergence to a stable plateau
value corresponding toS2. The very fast time-scale motions
producing the initial decay reflect local librations. Their effect
on spin relaxation rates is simply scaling byS2; that is, the
precise correlation times of these motions do not enter.
Consequently, multiexponential fitting of these correlation
functions to eq 9 yields only a few significantly nonzeroτk

andAk values, withA0 closely matchingS2, as can be seen
for Asn 25 in both the AMBER99 trajectory (Table 3) and
the AMBER99SB trajectory (Table 4). Relaxation parameters
of N-H bond vectors that exhibit this type of correlation
function are rather well-reproduced by both the AMBER99
and the AMBER99SB trajectories.

The second category of correlation functions exhibits a
rapid drop at the beginning, similar to that found for the
first category, followed by decay with a correlations time
. 1 ps to a plateauS2 e 0.85. Examples of such correlation

functions are those of Leu 8 (Figure 4D), Lys 11 (Figure
4F), and Gly 47 (Figure 4H) from the AMBER99SB
simulation.

The third category of correlation functions is characterized
by substantial deviation from multiexponential decay be-
havior without a clear indication of convergence toward a
plateau. Excluding the C-terminal tail, 15 correlation func-
tions computed from the AMBER99 trajectory fall into this
category (Leu 8, Thr 9, Gly 10, Lys 11, Ser 20, Ile 36, Gln
41, Ala 46, Gly 47, Lys 48, Gln 49, Leu 50, Gly 53, Arg
54, and Thr 55). All of these residues but Ile 36 display large
errors in their order parameters (Figure 2). The only core
domain residues in the AMBER99SB trajectory that fall into
this category are Ser 20, which is also one of the residues
with the worst predicted order parameter from this trajectory,
and Gln 41, which also has a predicted order parameter below
the experimental value.

The two categories of correlation functions reflecting
significant internal mobility (categories 2 and 3) can be
illustrated for residues 7-11, which form the loop region of
the N-terminalâ-hairpin. This is the most mobile region of
ubiquitin, except for the C-terminal tail. Tables 3 and 4
include a summary of the fitting parameters for these residues
from the AMBER99 and AMBER99SB trajectories, respec-
tively. For all sites in this loop,A0 is much lower thanS2 in
the AMBER99 simulation, consistent with the absence of a
plateau in the calculated correlation functions. Exponents
with τk > 1.0 ns are observed in these sites, contributing

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 parameter34 is represented as a dashed line in each panel for reference.
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20% or more of the total amplitude ofCI(t). In the examples
of Leu 8 and Lys 11, a plateau is never actually reached
due to the large amplitude contribution from low nanosecond
time scale motion (Figure 4C, Table 3). While these motions
have a notable effect on the calculatedS2 values, they are
too slow to affect the relaxation parameters in a significant
way. Therefore, the poor agreement between the spin
relaxation parameters calculated from the AMBER99 trajec-
tory and the experimental values (Figure 5) does not stem
from these slower motions but, rather, from the large-
amplitude motions on the subnanosecond time scale (note
the presence of 100-400 psτk associated withAk > 0.1 for
these residues in Table 3).

The behavior of the correlation functions for theâ-hairpin
vectors is quite different in the AMBER99SB trajectory, as
is summarized in Table 4. Although the values ofA0 are
still noticeably lower than the experimental order parameters
for most sites, they are all much higher than those of the
AMBER99 trajectory. Similar to the AMBER99 trajectory,
the order parameter calculated for Lys 11 deviates signifi-
cantly from its experimental value, despite the fact that its

correlation function is well-converged aside from being
slightly noisier than some of the other correlation functions
(Figure 4F). In addition to the influence of the underestimated
order parameter, the discrepancy between back-calculated
and experimental relaxation parameters for Lys 11 stems
largely from the presence of a sizable 540 ps motional mode
(Table 4), which is highly relaxation-active. Increasing the
threeτk of 540 ps to 2 ns without adjustment of any of the
amplitudesAk results in a reduction of the back-calculated
T1 from 618 to 582 ms andT2 from 239 to 230 ms and
increases NOE from 0.511 to 0.647. The agreement with
the experimental values (T1 ) 518 ms,T2 ) 205 ms, and
NOE ) 0.608) is improved by this parameter adjustment,
suggesting that the 540 ps motion dominating the back-
calculated relaxation parameters in the simulation is absent
in the experiment.

There are several sites outside of theâ-hairpin which
display significantly enhanced dynamics in the AMBER99
trajectory. The locations in primary sequence of residues with
low order parameters in the AMBER99 trajectory and in the
NB trajectory are similar but not identical (compare Figure

Table 3. Exponential Fitting Parameters for the 20 ns AMBER99 Trajectory

residue
number A0

A1
a

τ1
b

A2

τ2

A3

τ3

A4

τ4

A5

τ5 S2(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 Ak are the amplitudes of the corresponding exponential contributions to the correlation function (eq 9). b Correlation times, τk, are given in
units of picoseconds. c Lienin et al.34

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

residue
number A0

A1
a

τ1
b

A2

τ2

A3

τ3

A4

τ4

A5

τ5 S2(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 Ak are the amplitudes of the corresponding exponential contributions to the correlation function (eq 9). b Correlation times, τk, are given in
units of picoseconds. c Lienin et al.34
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2 with Figure 6 of ref 28), whereas the discrepancy between
the MD and experimental order parameters of these sites is
reduced or eliminated for all sites in the AMBER99SB
trajectory. For example, the correlation function for Gly 41
(Figure 4G,H) and its fit parameters (Tables 3 and 4) indicate
a significant change in dynamics caused by the change in
force field. Gly 47 has a relatively high experimental order
parameter (S2 ) 0.81),34 which is very different from the
value predicted from the AMBER99 simulation (S2 ) 0.63).
In contrast, the correlation function from the AMBER99SB
trajectory for Gly 47 rapidly converges to a stable asymptote
(Figure 4H) and has a predicted order parameter of 0.82, in
excellent quantitative agreement with experimental results
(S2 ) 0.81).34

Calculating15N T1 and 15N T2 spin relaxation times and
heteronuclear NOEs is a stringent test of an MD trajectory’s
quality, because it requires that both the amplitude and the
time scales of spin-relaxation active motion be reproduced
well. For this purpose, the fit parameters from the correlation
functions are used to generate spectral densitiesJ(ω) for each
N-H bond vector along the ubiquitin backbone using eq
10. These spectral density functions are then used to calculate
T1, T2, and NOE (eqs 11-13) for a magnetic field strength
of 14.1 T, which corresponds to the field strength at which
the reference data set was measured.34 The results are shown
in Figure 5. Note that residues 23-25 display chemical
exchange contributions toT2 which occur on the microsecond
to millisecond time scale and are not modeled here.

On average, the AMBER99SB trajectory significantly
better predictsT1, T2, and NOE than the AMBER99 trajectory
(Table 5). At the level of individual residues, both the
AMBER99 trajectory (Figure 5, left panels) and the
AMBER99SB trajectory (Figure 5, right panels) show good

agreement with experimental results for most of the rigid
residues found in secondary structural elements. However,
it is again apparent that the dynamics of theâ-hairpin loop
(residues 7-10) and numerous other loops are severely
overestimated in the AMBER99 trajectory, consistent with
the order parameter analysis. The NB trajectory was also
used to back-calculate the relaxation parameters of ubiquitin,
and the authors found poor agreement in similar regions.28

The AMBER99SB trajectory, on the other hand, reproduces
the experimental relaxation times and heteronuclear NOEs
well for most sites.

While the overall agreement between experimental and
calculated values ofT1, T2, and NOE is clearly higher for
the AMBER99SB trajectory than for the AMBER99 trajec-
tory, the different magnitudes of the individual parameters
makes a quantitative comparison less straightforward. In
analogy to theQ value used for residual dipolar couplings,50

the parametersQT andQR presented in Table 5 (eq 14) allow
direct quantitative comparison between the individual pa-
rameters, by renormalizing the RMSD to eliminate the
influence of differences in parameter magnitudes. In general,
QR is lower thanQT because the influence of the C-terminal
tail residues, which are less well-modeled even in the 20 ns
AMBER99SB trajectory, is diminished inQR as compared
to QT. This effect is seen most clearly by comparing RMSD,
QT, andQR for the AMBER99SB trajectory.

The use ofQT,R demonstrates why comparison of simula-
tion against experimental spin-relaxation times and hetero-
nuclear Overhauser effects is a more objective measure of
simulation quality than comparison withS2 alone. Statistics
and correlation plots (Table 2 and Figure 3) indicate that
the 1 ns AMBER99 trajectory yields the highest-quality
reproduction of the experimental order parameters of any

Figure 5. 600 MHz T1, T2, 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
values34 as a black line for reference.
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subtrajectory from that simulation, and yet the totalQR for
that trajectory (QR ) 0.453) is clearly worse than that for
the full 20 ns trajectory (QR ) 0.315). This demonstrates
that an order parameter comparison, while informative, does
not provide a quantitative assessment of the quality of a
trajectory because it ignores the potentially complex interplay
between time scale and amplitude effects.

3.4. Dynamics of theâ-Hairpin Loop. Having demon-
strated that the AMBER99SB simulation reproduces well
experimental order parameters, spin relaxation times, and
heteronuclear Overhauser effects, the trajectory is used to
study the dynamics of the turn of theâ-hairpin near the
N-terminus of ubiquitin in more detail. Application of the
RED protocol, which is a variant of the iRED protocol used

Figure 6. Internal motion correlations in the â-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 æ and ψ 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
â-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 seta Rp
b Rs

c RMSDd QT
e (QR)e <MD/NMR>f

AMBER99, T1 0.866 0.744 0.029 0.061 (0.051) 1.016 ( 0.057
AMBER99, T2 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

∑ ) 0.384 (0.315)
AMBER99SB, T1 0.913 0.729 0.024 0.050 (0.043) 1.006 ( 0.048
AMBER99SB, T2 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

∑ ) 0.260 (0.196)
a Residues Ile 21 and Asn 25 are excluded from the calculation because of an exchange contribution to the experimental T2 which would not

be reproduced in the simulation. b Pearson’s correlation coefficient between the simulation and the experimental set.34 c Spearman’s rank
correlation coefficient between the simulation and the experimental set.34 d Root-mean-square deviation between the simulation and the
experimental set.34 e Q value between the simulation and the experimental set calculated from eq 14. Values in parenthesis are calculated from
R1, R2, and NOE. f Average is taken over all residues for which there is both MD and experimental data.
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in the present study, did previously show correlations in the
reorientational motions of various residues in theâ-hairpin
loop including correlations between many of the backbone
torsional degrees of freedom.37 Optimization 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.37

Similarly to the previous study, both the portion of the
iRED covariance matrix corresponding to internal reorienta-
tions of theâ-hairpin and a matrix of correlation coefficients
between theæ and ψ torsion angles for the same region
constructed from the AMBER99 trajectory show significant
(negative) correlations spanning the loop and its joiningâ
strands (Figure 6A,C). In contrast, the same matrices
computed from the AMBER99SB trajectory suggest lower
correlations between these sites (Figure 6B,D). The matrices
in Figure 6A and B are constructed by removing the
eigenmodes corresponding to global reorientation from the
total iRED covariance matrix, and their diagonal elements
are proportional to 1- S2 (eq 8). Figures 6 and 7 show that
motional correlations are differentially altered and reduced
on average in the AMBER99SB trajectory relative to the
AMBER99 trajectory. Because it is difficult to experimen-
tally quantify these motional correlations (off diagonal
elements of the matrices in Figure 6), validation of the
simulated correlations is not feasible at this time. Altered
correlations are likely to have ramifications for estimating
thermodynamic quantities, in particular, configurational
entropies, from trajectories using AMBER99SB.

4. Conclusions
Comparison of MD simulations against NMR spin-relaxation
data represents a rigorous quality test of MD simulation
protocols and force fields. Presently available computational
power enables routine calculation of molecular dynamics
trajectories of biomolecules extending into the tens of

nanoseconds range. These simulations are reaching the point
where they allow one to systematically assess and distinguish
between finite conformational sampling effects and the
accuracy of the force field itself.

Comparisons with NMR order parameters have long
suggested that the amount of dynamics of protein loops are
systematically overestimated in MD trajectories. Recent
modifications of backbone potentials of both the CHARMM
C22 force field and the AMBER99 force field produce
significant improvements for both force fields.22-25 Due to
the distinct sensitivity of the experimental NMRS2 order
parameters to the associated motional time scales, their
usefulness as a comparison metric between simulation and
relaxation data is somewhat limited. Many computedS2

values depend on the duration of the trajectory with longer
trajectories displaying on average lower computed order
parameters. This is consistent with experimental evidence
from residual dipolar couplings measured in multiple align-
ment media suggesting the presence of additional motions
on nansecond to millisecond time scales that are not captured
by T1-type relaxation data.53,55-57 At present, such motions
cannot be comprehensively probed by standard MD simula-
tions; therefore, they will require other methods such as
enhanced sampling techniques.

We demonstrate here that comparison directly against the
“raw” relaxation parametersT1, T2, and NOE is comple-
mentary to and for fully quantitative purposes preferable over
the use ofS2 parameters to assess the performance of MD
simulations. Comparison based on relaxation parameters
implicitly includes the complex time-scale effects of the
motions on spin-relaxation parameters. While internal mo-
tional correlation times can be separately extracted from a
model-free analysis17,18 or alternative treatments,58 they are
typically much less well-defined than the corresponding order
parameters, and they also depend on the model selection
procedure.59

Because overall rotational tumbling is neither properly
reproduced by current force fields nor properly sampled by
trajectories in the tens of nanoseconds, a hybrid approach is
used here that combines the experimentally derived overall
tumbling correlation functionCO(t) with the internal cor-
relation function CI(t) calculated from the trajectory. A
drawback of the method is that the relaxation parameters
cannot be meaningfully predicted without accurate knowl-
edge of the overall tumbling correlation time. However, if
fit parameters using eq 9 to the internal correlation functions
of MD trajectories were systematically reported in future
simulations, such as the ones of Tables 3 and 4, relaxation
parameters can be readily back-calculated once experimental
relaxation data are available, either by using the experimen-
tally determined overall tumbling correlation time,τc, or by
treating τc as a fit parameter that optimizes agreement
between the experiment and simulation. Such a procedure
is a special case to the reporting of the dominant part of
iRED eigenmodes together with their corresponding cor-
relation times, from which the overall tumbling time can be
modeled by fitting the correlation times of the five eigen-
modes with the largest eigenvalues to the experimental data.38

While in the present treatment isotropic overall tumbling is

Figure 7. Comparison of torsion-angle correlation coefficients
between â-hairpin matrices using AMBER99 (Figure 6C) and
AMBER99SB (Figure 6D). The average correlation coef-
ficients are 0.017 ( 0.270 for AMBER99 and 0.013 ( 0.196
for AMBER99SB. The linear correlation coefficient between
the AMBER99 and the AMBER99SB correlations is Rp ) 0.48.
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assumed, which is adequate for ubiquitin,33 it can be easily
extended to axially symmetric or fully anisotropic overall
tumbling motion.60

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-terminalâ-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
longer.38,61,62
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