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Abstract: A 0.2 µs molecular dynamics simulation of ubiquitin in water is presented, which

allows us to assess both the global tumbling in solution and the internal dynamics. The latter

reveals slow motions outside the classical NMR timewindow, in agreement with recent RDC

and cross-correlation measurements. Analysis of back-calculated relaxation rates using the

classical NMR model-free approach reproduces the amplitudes of internal motions expressed

in the order parameter, while it severely underestimates the corresponding time scales present

in the simulation.

I. Introduction
Motion in the picosecond and nanosecond time scale can be
monitored in Nuclear Magnetic Resonance (NMR) relaxation
studies.1 Important characteristics of motions in these time
scales can be studied with the help of molecular dynamics
(MD) simulations. In the past decade significant progress
has been made in the assessment of biomolecular NMR data
with MD simulations (for a review see ref 2). In many cases,
the amplitudes of motions found in MD simulation are in
good agreement with the corresponding values derived from
experimental data although, in general, the simulated values
tend to be somewhat lower. For globular proteins, MD
simulations are typically restricted to simulation time lengths
of tens of nanoseconds. As a result the global tumbling
cannot be sampled and needs to be artificially included when
back-calculating NMR parameters. In addition, a proper
description of internal motions in the nanosecond to micro-
second time scale which are of biological relevance, espe-
cially in the context of folding, recognition, and enzymatic
function, requires much longer simulation times.

Thanks to the continuously increasing computing power,
MD simulations in the microsecond time scale are now
within our reach. Duan and Kollman3 presented a 1µs MD
simulation of a 36-residue peptide (HP-36) starting from an

unfolded structure, showing that, within that time period, a
marginally stable folded state could be reached. In the context
of NMR, simulations in the microsecond time scale have
been reported in the literature for small peptides. Feenstra
et al.4 performed several simulations of a nonapeptide in
water up to 0.7µs in an attempt to simulate NMR NOE/
ROE intensities. Peter et al.5 presented two 0.2µs simulations
of a heptapetide ofâ-amino acids in methanol from which
they simulated ROESY spectra by calculating the exact
spectral densities for the interproton vectors. In that study
the separability of internal and global motions could be
confirmed for most of the residues, indicating that the global
tumbling of the molecule and the internal motions are
uncorrelated. Although this decorrelation assumption under-
lies many of the standard methods for analyzing NMR
relaxation data, its validity for larger proteins has recently
been questioned.2,6 In addition, it has been suggested that
time scales in standard NMR relaxation studies are signifi-
cantly underestimated.7 Long MD simulations should allow
for addressing this question.

In this paper we present the results of two long MD
simulations (0.1 and 0.2µs) of ubiquitin, a well-studied 76
amino acid globular protein. Human ubiquitin is one of the
most conserved eukaryotic proteins. Its primary role is in
intracellular, ATP-dependent protein degradation.8 Several
sets of NMR data, describing the dynamics of ubiquitin, are
available in the literature, including15N1H R1, R2, and NOE
ratios,9-11 order parameters derived from residual dipolar
couplings (RDCs),12,13and cross-correlated relaxation data.14-16
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The RDC and cross-correlation data provide evidence for
slow motions in the nanosecond to microsecond time scale
both in loops and secondary structure elements. Such slow
motions are typically not monitored in standard NMR-
relaxation analysis.

Our 0.2µs MD simulation allows us to estimate the global
tumbling of ubiquitin in solution and study its internal
dynamics, revealing slow motions outside the classical NMR
timewindow in agreement with the recent RDC and cross-
correlation measurements. TheR1, R2, and NOE relaxation
rates are back-calculated from the spectral densities obtained
after Fourier transformation of the internal correlation
functions. These rates are then used as input for the classical
NMR model-free analysis to check if this commonly used
analysis can properly extract the amplitudes and time scales
of the internal motions present in our simulation.

II. Materials and Methods
A. Simulations.Two independent trajectories are presented
in this paper: a trajectory starting from the refined NMR
structure of 1D3Z17 taken from the DRESS database18 (NMR
trajectory) and a trajectory starting from the first monomer
of the dimeric X-ray structure of 1AAR19 (X-ray trajectory,
see Figure 1). The latter trajectory shall be extensively
investigated throughout this paper, whereas the former will
be used for validation. Simulations and analysis were
performed using the GROMACS package,20 version 3.1.3,
with the GROMOS96 43a1 force field.21

The solute was placed in a cubic box, with a minimum
solute-box distance of 1.4 nm and solvated with SPC
waters.22 No counterions were used since the net charge of
the system was zero (neutral pH). The entire system consists
of 760 solute atoms and 10 257 and 11 393 water molecules
for the X-ray and NMR systems, respectively. A short energy
minimization was performed on the system with positional
restraints on the protein. Then a MD equilibration stage was
carried out consisting of five successive 20 ps runs with
decreasing positional restraints force constants on the solute
(Kposre) 1000, 1000, 100, 10, and 0 kJ mol-1 nm-2). After
that the production runs were started. For the X-ray trajectory
218 ns were simulated, whereas the total simulation time
for the NMR trajectory amounted to 100 ns.

For the integration of the equations of motion a 2 fstime
step was used. Positions and velocities were stored every 2
ps. In each simulation the temperature was maintained at
300 K by weakly coupling solute and solvent separately to
an external bath using the Berendsen thermostat23 with a
relaxation time of 0.1 ps, whereas the pressure was main-
tained by weakly coupling the system to an external pressure
bath23 at 1 atm with a coupling constant ofτp ) 0.5 ps. The
neighbor list was updated every 10 integration steps. The
twin-range method was applied for dealing with long-range
interactions, the short-range cutoff being 1.0 nm and the long-
range cutoff 1.4 nm, both for electrostatic and van der Waals
interactions. Electrostatic interactions beyond the cutoff were
treated with a generalized reaction field24 using a dielectric
constant of 54.0.

B. NMR Relaxation Theory. The NMR relaxation theory
has been extensively described elsewhere.25,26 In this paper

we focus on the relaxation of the amide15N nuclear spin
through dipolar interaction with the attached1H spin and
15N Chemical Shift Anistropy (CSA). The relaxation in this
case is governed by the correlation function of the15N-1H
spin-interaction vectorrb(t)

whereY2m are the second rank spherical harmonics,r(t) is
the interaction vector, and (θτ, φτ) is the polar angles of the
interaction vector at timeτ in the laboratory frame of
reference. Using the addition theorem for spherical harmon-
ics, this expression can be rewritten as

where P2(x) ) 3/2x2 - 1/2 is the second-order Legendre
polynomial andøτ,τ+t is the angle between the interaction
vectors at timesτ andτ + t. Equation 2 is used in this paper
for the calculation of the global correlation function for each
backbone amide-proton pair from the MD trajectory.

The spectral density functionJ(ω) can be obtained by
Fourier transformation of the correlation function. According
to the relaxation theory of Bloch, Wangness, and Redfield26

this function is probed at specific frequencies in NMR15N
relaxation experiments forR1, R2, and NOE

whered ) µ0hγHγNrNH
-3/8π2, c ) ∆σωN, µ0 is the perme-

ability of free space,h is Planck’s constant,γN andγH are
the gyromagnetic ratios of15N and1H nuclei,∆σ is the CSA
of 15N, rNH is the N-H distance, andωN and ωH are the
Larmor frequencies of the15N and1H nuclei.

From NMR relaxation experiments the values ofR1, R2,
and NOE for nonproline residues can be determined. Two
methods are in use for extracting the dynamic information
from these rates. Spectral density mapping29 can be used to
directly determine the values of the spectral density functions
that are probed by NMR. In this paper reduced spectral
density mapping30 is used for calculating the spectral density
values from experimental relaxation data. This approach
assumes thatJ(ωH + ωN) ) J(ωH) ) J(ωH - ωN), which is
valid if the spectral density function is flat at high frequen-
cies.

The most popular method for analyzing NMR relaxation
data of proteins is the Lipari-Szabo model-free approach.31,32

This approach uses no specific model for describing the
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internal motion of the interaction vector. It is based on the
decorrelation assumption that splits up the global correlation
function in an internal correlation function and the overall
correlation function of the molecule:

In the case of isotropic tumblingCoverall(t) can be taken as
e-t/τc, whereτc is the global correlation time, which gives an
indication of the tumbling frequency of the protein in the
solvent.Cint(t) now describes the internal motion of the NH-
interaction vector within the molecular frame of the molecule
studied. The model-free analysis yields an order parameter
S2 describing the magnitude of the internal motions along
with an estimation of the internal time scaleτe. Nowadays
five models are commonly used within the model-free
approach, each of them fitting a specific form of the spectral
density functionJ(ω) to the experimental data, leading to
various combinations of parameters:33

- model 1: S2,
- model 2: S2,τe,
- model 3: S2,Rex,
- model 4: S2, τe, Rex, and
- model 5: S2

s, S2
f, τs.

Rex indicates conformational exchange on the millisecond
and microsecond time scale. Model 5 delivers information
on internal motions taking place at slow and fast time scales.
Selection of the model that fits best the available experi-
mental data is commonly based onø2-statistics andF-tests.
In this paper the model-free analysis of back-calculated NMR
relaxation data is carried out with the program TENSOR2.33

Throughout this paper the following physical constants
were used:∆σ ) -170 ppm andrNH ) 0.102 nm. We made
use of three different experimental relaxation data sets of
ubiquitin measured at 600 MHz, that were reported by Lienin
et al.,9 Fushman et al.,11 and Lee et al.10 From these data
sets one averaged set was generated consisting ofR1, R2,
and NOE for 62 residues (see Supporting Information). The
standard deviations calculated from the 3 different sets are
in the same range as the reported experimental errors. This
average set was used as input data for the reduced spectral
density mapping and for the comparison with the relaxation
data from the MD simulation.

C. Analysis of Internal Dynamics.The internal dynamics
of ubiquitin is assessed by computing the internal correlation
function of the NH-vectors from the MD simulation with
eq 2, after superposition of all structures onto the backbone
heavy atoms of the secondary structure elements of the
starting structure. These comprise the following segments
(as defined with the program DSSP34): 5 â-sheets (2-7, 12-
16, 41-45, 48-49, 66-71) and 1R-helix (23-34). When
the internal correlation function converges, the value of the
plateau,Cint(∞) can be estimated as35

where µi are the Cartesian coordinates of the normalized
internuclear NH-vector in the molecular frame. This expres-
sion yields the well-known order parameterS2 that is

frequently used for estimating the magnitude of the internal
dynamics in a protein.

For determining if the correlation function of a specific
residue has converged we use the following criterion:|Cint-
(∞) - Ctail| < 0.005 whereCtail is the mean value of the tail
of the internal correlation function. For the 100 ns MD this
tail was taken from 45 to 50 ns, whereas for the 218 ns from
90 to 100 ns7.

If the internal correlation function converges, the effective
internal correlation timeτint for these motions can be
determined by integrating the correlation function

where T is the timepoint where the function reaches the
plateau value andtstart ) 2 ps. Autocorrelation functions
calculated from MD simulations tend to have a sharp initial
drop, that is caused by librational motion of the bonds.36,37

In calculatingτint we corrected for this initial drop by starting
the integration at the first timepoint, thus neglecting the
ultrafast motions in the estimation of time scales of the
internal motions.

D. Computer Cluster. All calculations were carried out
on the TERAS supercomputer, a 1024 CPU system (SGI
Origin 3800), at the national computer center SARA (http://
www.sara.nl) in Amsterdam, The Netherlands. We used 16
processors in parallel. Per day, approximately 3.5 ns could
be simulated if efficient use was made of the available CPU
time. Effectively the total cost for both trajectories amounted
to approximately 5 months of simulation.

III. Results and Discussion
A. Validation of the Trajectories. Both MD trajectories,
the 100 ns one starting from the refined NMR structure
(1D3Z17), denoted in the following as NMR, and the 218 ns
one starting from the crystal structure (1AAR19), denoted in
the following as X-ray, were validated in terms of secondary
structure evolution, RMSD, energetics, and agreement with
the experimental NOE data. Both trajectories equilibrated
within 1-2 ns. The RMSD relative to the starting structure
is presented in Figure 2: both trajectories are stable with
the average RMSDs around 0.1 nm for the backbone heavy
atoms belonging to secondary structure elements (see also
Table 1). Note that the RMSD calculated for residues 2-71
is 0.1 nm lower on average than for the entire backbone
(Table 2). This is due to the high flexibility of the C-terminal
tail. An increase in the backbone RMSD can be observed in
the X-ray simulation between 130 and 185 ns; this increase
is due to a change in turn conformation at position 38-41
(also evident in Figure 3). After this event the structure
recovers its initial conformation and remains stable until the
end of the simulation. The two trajectories sample similar
conformational space: the RMSD of one trajectory relative
to the starting structure of the other trajectory does not
indicate major differences (see Table 1). This is confirmed
by an analysis of the pairwise RMSD matrix of the
concatenated trajectories: no separate blocks that would
indicate conformational differences between the trajectories
can be distinguished (see Supporting Information). The RMS
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fluctuations of the CR atoms exhibit a similar profile for both
trajectories (see Figure 2c), except for residues 62-64 that
show larger fluctuations in the NMR trajectory and residues
37-39 that have larger fluctuations in the X-ray trajectory.

The time evolution of the secondary structure elements is
depicted in Figure 3: in both trajectories the secondary
structure is well preserved. In the X-ray trajectory the fourth
â-sheet shows some instability in the 155 to 165 ns time
interval. The same is observed for the onset of the third
â-sheet from 100 ns on. In the time window from 130 to
185 ns there is a change in turn conformation at position
38-41.

Analysis of the energetics of both trajectories does not
reveal any major difference (see Table 1).

We further validated our simulation against experimental
NMR data by calculating NOE distances using anr-6

averaging. We used for this the set of 985 unambiguous
distance restraints that are available from the Protein Data
Bank38 for entry 1D3Z.17 Table 2 summarizes the results of
this analysis for both the starting structures and the MD

trajectories (see also Supporting Information for NOE
violation matrices). In the NMR starting structure (refined
1D3Z from the DRESS database18) no violations larger than
0.05 nm are present, and in the NMR-trajectory only 4
restraints are violated by more than 0.05 nm (max. violation
0.16 nm). In the crystal structure (1AAR) 18 restraints are
violated by more than 0.05 nm (max. violation 0.21 nm),
after adding the protons to the original file, while 13
violations above 0.05 nm are found in the X-ray trajectory
(max. violation 0.19 nm). None of the latter are present in
the set of 18 violations for the starting structure. Two medium
distance restraints, both connecting the helix to the subse-
quent loop are violated in both trajectories (31HR-35H and
30(H γ2)3-36Hâ) by 0.12 nm on average. Considering the very
small number of violations, it can be concluded that both
trajectories are in excellent agreement with the experimental
NOE data.

B. Global Tumbling of the Molecule and Global
Correlation Functions. The global tumbling time of the
molecule in the solvent is determined by fitting all structures
from the trajectory to the backbone heavy atoms of a
reference structure, excluding the three highly mobile C-
terminal residues. This reference structure was oriented such
that its principal axes correspond to thex,y,z axes by
calculating the inertia tensor using all heavy atoms excluding
the three highly mobile C-terminal residues. Fitting then
delivers a rotation matrix for each snapshot from the MD
trajectory. The row vectors of the rotation matrix are the
rotated unit vectors given in the coordinate system of the
reference structure. The correlation functions of these row
vectors are plotted in Figure 4a. The global tumbling appears
to be much smaller than the experimental value of 4.03 ns.9

Since the correlation functions are not exponential and not
yet fully converged, it is difficult to exactly determine the
correlation time for the global tumbling of the molecule from
these plots. Integration of the curves yields an average value
of 740 ps for the global correlation time. In addition, from
this plot it can be concluded that there is a small amount of
anisotropy in the global tumbling, since the correlation
functions for the different direction are not exactly identical.
When taking the estimates for the correlation timesτ1, τ2,
andτ3 from Figure 4a and using Woessner equations for the

Figure 1. Cartoon representation of ubiquitin (PDB entry
1AAR19) showing its secondary structure elements. This figure
was generated with Molscript27 and Raster3D.28

Figure 2. Time evolution of the RMSD relative to the starting structure for the heavy atoms of the entire backbone (grey) and
backbone heavy atoms within secondary structure (black): (a) NMR trajectory, (b) X-ray trajectory, and (c) RMS fluctuation of
CR positions along the sequence for the NMR trajectory (O) and X-ray trajectory (b).
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principal axis values of the rotational diffusion tensor,39 we
find an experimental value for the anisotropy of the diffusion
tensorD|/D⊥ of 1.2. The latter value is close to the anisotropy
found experimentally:D|/D⊥ )1.17.40

The discrepancy between the experimental and simulated
tumbling times of the molecule in solution can be attributed
in part to the SPC water model that is used in our simulation.
It is well-known that, while the SPC water model displays
good thermodynamic properties, its kinetic properties differ
from the experimental values by a factor of 2 to 2.5: its
diffusion constant is 5.28× 10-9 m2/s against 2.2× 10-9

m2/s experimentally and its viscosity is 0.58× 10-3 Pa‚s
against 0.85× 10-3 Pa‚s experimentally at 300 K.41 The
fast motions of the water apparently influences the global
tumbling of the molecule in the present simulation and
possibly also the internal dynamics of exposed regions as
will be discussed below. MD simulations using another water
model, for example SPC/E, which has better kinetic proper-
ties, might lead to better estimates of the overall tumbling.
Initials results from a short (10 ns) simulation in SPC/E
indeed indicate slower overall tumbling by approximately a
factor 2. One should however be aware that this might
happen to the detriment of the protein structural stability as
it is difficult to find a water model with both excellent
thermodynamic and kinetic properties. Note that in another
MD simulation using the CHARMM force field42 similar
correlation times in the subnanosecond time range were
obtained for the overall tumbling of ubiquitin based on a
completely different analysis approach using isotropic re-

orientational eigenmode dynamics (see Table 1 in ref 43).
This indicates that reproducing experimental tumbling times
might not be a specific problem related to our choice of force
field and analysis methods but rather a more general issue
in current biomolecular simulation methodology.

The global15N-1H correlation functions could be assessed
using eq 2. Typical plots for two residues, ASP21 and
ALA46, are presented in Figure 4b. These correlation
functions converge, although oscillations at longer time scales
remain. Direct Fourier transformation of the global correla-
tion functions is now possible to obtain the spectral density
function (see inset in Figure 4b). To obtain a smooth spectral
density function we use a exponential window function in
the time domain (exp(-t/a), with a set to 8 ns) to remove
the remaining long time scale oscillations.

C. Internal Dynamics. The internal dynamics of ubiquitin
is assessed by calculating the time correlation functions of
the NH-vectors with eq 2, after superposition of all MD
snapshots onto the backbone heavy atoms of the secondary
structure elements of the starting structure. Using the criterion
for the convergence described in the Materials and Methods
section, it appears that 50 residues in the 100 ns MD
trajectory starting from the NMR structure are not converged,
whereas only 20 residues are not converged in the 218 ns
trajectory starting from the X-ray structure. Therefore we
limit our discussion to the results from the X-ray trajectory.
The unconverged residues are as follows: LEU8, THR12,
ILE13, GLY35, ILE36, ASP39, GLN40, GLN41, ARG42,
LEU43, PHE45, LYS48, GLN49, HIS68, LEU71, ARG72,
LEU73, ARG74, GLY75, and GLY76. For these residues
the internal dynamics is apparently not yet fully sampled,
suggesting the presence of slow motions. Such lack of
convergence has often been accounted for by poor sampling
of dihedral transitions. Inspection of the time series for the
scalar product of the interaction vectorµb(0)‚µb(t) for the
unconverged residues indeed shows jumps that only occur
once in the entire simulation window for some of these
residues. In Figure 5a four examples of internal correlation
functions are presented for short, intermediate, and long time
scales together with an example of an unconverged correla-
tion function. The time series of the scalar product for
GLY53, ILE44, and GLN40 are shown in insets. Figure 5b

Table 1. Statistics of the NMR and X-ray MD Trajectories

NMR X-ray

heavy atom RMSDs (nm)a

backbone 0.24 (0.05) 0.25 (0.06)
backbone residues 2-71 0.15 (0.02) 0.15 (0.02)
secondary structure 0.12 (0.02) 0.10 (0.02
secondary structure & relative to otherb 0.12 (0.02) 0.11 (0.03)

Lennard-Jones (van der Waals) energy (kJ/mol)c

ubiquitin internal -2296 (44) -2311 (47)
ubiquitin-solvent -323 (74) -324 (74)

Coulomb’s electrostatic energy (kJ/mol)
ubiquitin internal -8966 (237) -9238 (245)
ubiquitin-solvent -10418 (486) -9943 (509)

a Positional RMSD values are calculated relative to the starting structure of the trajectories, after superposition onto the secondary structure
elements (see Materials and Methods section). Standard deviations are indicated in parentheses. b Average RMSDs of the NMR trajectory from
the crystal structure and vice versa. c The nonbonded energies were calculated with the GROMOS96 43a1 force field using a twin range cutoff
of 1.0 and 1.4 nm (see Materials and Methods section). The energies are the sum of short-range and long-range terms.

Table 2. NOE Violation Analysis for 1D3Z, 1AAR, NMR,
and X-ray MD Trajectory

1D3Za 1AARb
NMR

trajectoryc
X-ray

trajectory

# violationsd > 0.05 nm 04 18 4 13
# violations > 0.1 nm 0 7 1 6
maximum violation (nm) 0.02 0.21 0.16 0.19
RMS violations (nm) 0.002 0.017 0.008 0.014

a Refined NMR structure of 1D3Z taken from the DRESS data-
base.18 b The crystal structure corresponds to the first unit of the
K48-linked ubiquitin dimer. c NOE distances in the trajectory are
calculated using a r-6 averaging. d The violation analysis is based
on a set of 985 unambigious NOE restraints obtained from the
deposited data for entry 1D3Z in the PDB.
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shows the time scales for the internal motions that were
calculated using eq 8 for the 52 converging residues.
Residues with time scales for the internal dynamics larger
than 2 ns are found in theâ-turn between the first two
â-sheets, between the end of the helix and the thirdâ-sheet
and in the fifthâ-sheet. Note that by our choice oftstart (eq
8) we are neglecting the effect of the ultrafast librational
motions and are thus putting the focus on longer time scale
motions.

There is no straightforward method for comparing these
data with available experimental data. The available RDC
order parameters12,13 for ubiquitin indicate that motions are
present beyond the classical NMR relaxation time window.
It is however difficult to distinguish specific areas with
slower motions. Peti et al.12 suggested that the deviation
between the RDC order parameter and the standard Lipari-

Szabo order parameter is most profound in loops and
â-sheets, which would partially fit our data. The cross-
correlated data14-16 are more specific than the RDC data but
are not necessarily correlated with the mobility of the NH-
interaction vectors. However, according to data for cross-
correlated dipole-dipole interference between successive
13CR-1HR vectors, the residues that featured slow local motion
mainly reside in the first twoâ-sheets (2-7, 12, 13) and
some residues between (8, 11), in the helix (26, 27, 29, 30)
and in the thirdâ-sheet (41-45).14 Experimental data for
cross-correlated chemical shift modulation showed slow
motions for residues in the first (7), second (12, 14), third
(41, 43), and fifth (66, 68, 69)â-sheet and in the helix (27,
28, 29, 31, 33) and for one residue between the first and
secondâ-sheet (9).16 Here again there is agreement with our
data: the first twoâ-sheets together with theâ-turn between

Figure 3. Secondary structure evolution of NMR and X-ray trajectories.

Figure 4. Assessment of global tumbling of the molecule. (a) Overall correlation functions in three directions. Exponential functions
(exp(-t/τc) dashed lines) with τc ) 0.6 ns and 1.2 ns are plotted for comparison. (b) Global correlation functions for residues
ASP21 and ALA46 and their corresponding spectral density functions after Fourier transformation (inset). (c) Global correlation
functions (black) for THR7 and SER20, together with overall correlation functions of the molecule (grey, as in panel (a)).
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exhibit motions larger than 2 ns, whereas the same applies
to the regions 34-45 (end of helix till end of thirdâ-sheet)
and 65-70 (fifth â-sheet).

Since we have calculated both the global correlation
functions of each residue and the overall correlation function
of the molecule, we can now determine if the decorrelation
assumption (eq 6) holds for each residue in the present MD
simulation. If this equation holds, the global correlation
function of a specific residue should not be larger than the
overall correlation function of the molecule at any timepoint.
We checked this for the first 2 ns for each global correlation
function. For 13 residues the global correlation function was
larger than the overall correlation function, indicating that
for these residues the decorrelation assumption does not hold.
This set contains the following residues: THR7, LEU8,
THR9, LYS11, THR12, ILE13, SER20, ASP21, PHE45,
LYS48, ASP52, GLY53, and GLU64. Some of these residues
belong to the residues with long time scale internal motions,
indicating that the presence of long time scale motions can
be correlated to a failure of the decorrelation assumption. In
Figure 4c two examples are shown, THR7 and SER20, for
which the decorrelation assumption does not hold.

D. Order Parameters.We can assess the order parameter
S2 calculated from the MD simulation using eq 7 for different
timewindows. Figure 6a shows the order parameters calcu-
lated for 0.1, 1, 10, and 200 ns timewindows. For the first
three cases the order parameter is averaged over all available
time windows. For some residues the order parameter
decreases with increasing timewindow; these correspond to
residues with unconverged correlation functions or long
correlation times for the internal motions (see Figure 5b).

In Figure 6b the order parameters derived from the 1 ns
timewindow are compared to the experimentally derived
order parameters from Lienin et al.9 Only the 62 residues
for which experimental data exists are now considered. The

error bars for the MD values were taken as the standard
deviation calculated from the averages over the different time
windows. Overall the order parameter from the simulation
follows the experimental values (correlation coefficient
r)0.78), although the MD values are lower on average: 0.74
( 0.14 compared to 0.81( 0.13 experimentally. Three resi-
dues considerably deviate: LYS11, LYS48, and ARG54,
indicating that, in the simulation, those residues have more
subnanosecond motions than experimentally derived. These
three residues are solvent exposed, preceded by a glycine
residue and located outside (LYS11, ARG54) or at the edge
(LYS48) of secondary structure elements. Other glycine resi-
dues are present at the positions 35, 75, and 76 in the se-
quence. For GLY35 the deviation from the experimental
order parameter is slightly less than in the other cases, possi-
bly due to the fact that this residue is the least solvent ex-
posed from all glycines in the sequence. Here again the over-
estimation of the amplitude of the fast internal motions may
be affected by the too fast dynamics of the water molecules
interacting with the protein within the SPC water model.

E. Back-Calculation of NMR Relaxation Data. The
spectral density functions were obtained by Fourier trans-
formation of the global correlation functions directly calcu-
lated from the MD simulations using eq 2. For comparing
the simulated values of the spectral densities at the frequen-
ciesω ) 0, ωN, ωH with the experimental values, the latter
are calculated with the help of reduced spectral density
mapping30 from the averaged experimental set (see Support-
ing Information). Figure 7 shows the ratiosJexp/Jmd for the
frequenciesω ) 0, ωN, ωH for all residues. It appears that
there is a large discrepancy between the simulated and the
experimental values, especially atω ) 0 and ω ) ωH,
indicating that there are on average too many fast global
motions and too little slow global motions in the simulation.
The mean ratio betweenJexp/Jmd at ω ) 0 is 7.2, which

Figure 5. (a) Examples of internal correlation functions: short time scale (SER20), intermediate time scale (GLY53), long time
scale (ILE44), and unconverged (GLN40) with Cint(∞) shown as dashed line and (insets) scalar product timeseries of interaction
vector for GLY53, ILE44, and GLN40. (b) Correlation times of internal motions for 52 converged residues; unconverged residues
are indicated with a gray bar. Secondary structure elements are depicted in top of the figure.
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reflects the factor by which the global tumbling is off from
the experimental value.

Using eq 6 the global correlation function for each residue
is reassessed assuming isotropic tumbling withτc ) 4.03
ns.9 The second term in eq 6,Coverall(t), thus becomes the
isotropic function exp(-t/τc). The first part is given by the
internal correlation functions calculated using eq 2, after
superposition of all structures onto the backbone heavy atoms
of the secondary structure elements of the starting structure.
After Fourier transformation of the resulting global correla-
tion functions for each residue, spectral densities are obtained
that are much closer to the experimental values for the
spectral density as can be seen from Figure 7b. For both
J(0) and J(ωN) large deviations are present for THR9,
GLY10, LYS11, ALA46, GLY47, LYS48, and to some
extent ARG54. The same applies for the segment 35-41.

This can be attributed to the increased amplitude of the fast
internal motions for those residues (also apparent in Figure
6b for the order parameters) which translates into an
overestimation ofJ(ωH) at the expense ofJ(0) andJ(ωN)
that become smaller since the integral overJ(ω) must remain
constant. The deviation ofJ(0) for ASN25 originates from
the large exchange contributionRex in the experimental data.
The other small deviations of theJexp/Jsim ratio from 1 may
not be significant considering the amount of uncertainty that
exists for the physical parameters used2,37 and the experi-
mental tumbling time.10 Furthermore, small deviations from
1 may also originate from the anisotropy which is present
in the experimental values40 and which we omitted in our
simulated values by assuming isotropic tumbling.

Direct calculation of NMR relaxation data is now feasible
by substituting the spectral density values in eqs 3, 4, and 5.

Figure 6. (a) Order parameters profiles for increasing timewindows and (b) comparison of experimental (b) and simulated (O)
values averaged over the 1 ns timewindow.

Figure 7. Ratio of spectral densities derived from the MD trajectories and the experimental data at frequencies 0 (b), ωN (O),
and ωH (×) with (a) global tumbling as present in MD and (b) global tumbling τc ) 4.03 ns added. Note that the logarithm (base
10) of the ratio is indicated in the left panel (a).
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The quantitative agreement is poor if done for the values in
Figure 7a (data not shown) since the global tumbling of the
molecule is not reproduced in the simulation. Therefore we
used the internal correlation functions from the simulation
as before to derive the global correlation functions per residue
using eq 6. The agreement now is quite good as can be
noticed in Figure 8, although some residues still considerably
deviate: 9-11, 35-41, 46-48, and 54. As discussed above,
this deviation is mainly due to the presence of fast internal
motions in the simulation. These fast motions are visible as
the initial rapid decay fromC(0) ) 1 to a lower value. E.g.
for LYS11 the value for both the internal and global
correlation function is 0.67 att ) 10 ps. This indicates that
substantial motion is present below this time scale that is
responsible for the initial rapid decay of the correlation
functions. In Figure 6 the aforementioned residues also
deviate from the experimentalS2 values indicating again that
too much fast internal motion is present on the subnanosec-
ond time scale. The internal motions in the 2-6 ns range
which we presented in Figure 5 do, however, not affect the
relaxation data, since they are shielded by the global tumbling
of the molecule: for example theT1, T2, and NOE values
for residues GLU34 and ILE44 for which we found internal
correlation times of 5.6 ns and 6.2 ns, respectively, are in
good agreement with the experimental data.

F. Model-Free Analysis.Since we now have a complete
and consistent picture of the dynamic properties of ubiquitin
from our simulation including order parametersS2, correla-
tion times of internal motionsτint, and predictedR1, R2, and
NOE data, we can assess the robustness of model-free
approaches to extract information on internal dynamics from
relaxation data. For this we used the program TENSOR233

to extract order parameters and internal time scales from the
relaxation data derived from the MD simulation (see Figure
8). We ran TENSOR2 with an experimental uncertainty of
2.5%. This value is a good approximation of the errors that
are commonly present in NMR relaxation studies. A mini-
mum absolute uncertainty of 0.01 is used for the NOE values.

We restricted our analysis to 43 residues that fulfilled the
following criteria: i) The internal correlation function
converges in the MD simulation. ii) The internal correlation
time τint estimated in the MD is smaller than 2 ns. Larger
motions are shielded by the global molecular tumbling (as
shown above) and can consequently not be reproduced by
TENSOR2.

For the selected residues TENSOR chose model 1 in 33
cases, whereas the models 2 and 5 were chosen less often:
7 and 3 times, respectively (see Table 3). This means that
for 33 cases TENSOR2 is not capable of detecting the
nanosecond time scale internal motion that is present for
these residues. The same applies to the 7 residues for which
model 2 is selected: the time scales of the internal motions
are severely underestimated. Only in the 3 cases where model
5 is selected, the time scales are in agreement with the time
scales presented in Figure 5. Note that this behavior is not
correlated to the failure of the decorrelation assumption that
was found for 13 residues (see above).

The failure of detecting nanosecond time scale motions is
mainly due to the noise level in the experimental data:
lowering the amount of uncertainty in the experimental data
to the unrealistically low value of 0.5% favors the choice of
model 5, and consequently motions in the nanosecond time
scale are detected. However, such small uncertainties may
not be realistic from an experimental point of view. In
addition, longer time scale motions for all residues would
as well be detected if the analysis was performed exclusively
with model 5. This would however not be statistically
justified because of the unrealistically high associated errors.

The findings for the time scales presented above are in
agreement with results presented by Chen et al.7 They also
find that nanosecond time scale motions can go undetected
in the model-free analysis and that the model-free time scales
consequently underestimate the effective correlation times.

For the selected residues the order parameter is correctly
reproduced, as illustrated in Figure 9. The differences be-

Figure 8. Experimental (b) and simulated (O) NMR relaxation data for T1, T2, and NOE. In the insets residues 1-71 are shown;
relaxation parameters for residues 9-11 and 48 are off scale.

Table 3. Result for Model-Free Analysis of
Back-Calculated Relaxation Parameters from MD
Trajectory

model number τMF
a τint

b (ns) SMF
2 - SMD

2

1 33c n/a 0.9 ( 0.5 0.03
2 7d 19 ( 5 ps 0.6 ( 0.3 0.01
5 3e 1.4 ( 0.1 ns 1.5 ( 0.3 -0.15

a Time scales as calculated by TENSOR2. In case model 1 is
selected, no time scale is assigned. b Internal time scales from MD
simulation as calculated by eq 8 and presented in Figure 5. c GLN2,
PHE4, VAL5, LYS6, THR14, LEU15, SER20, ASP21, THR22, ILE23,
GLU24, ASN25, VAL26, LYS27, ALA28, LYS29, ILE30, GLN31,
ASP32, LYS33, GLU51, ASP52, GLY53, THR55, LEU56, SER57,
ASP58, TYR59, ASN60, ILE61, GLN62, LYS63, THR66. d ILE3,
GLU16, VAL17, GLU18, LEU50, ARG54, GLU64. e GLY10, ALA46,
GLY47.
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tween the order parameters predicted by TENSOR2SMF
2 and

the simulated order parametersSMD
2 for the time window of

1 ns are close to zero, except for GLY10 and GLY47 (see
Figure 6a). For these residues the predicted order parameters
by TENSOR2 are close to the ones calculated for a 10 ns
time window. For the residues fitted with model 1 the order
parameter is slightly overestimated by an amount of 0.03
(see Table 3), although this difference is not significant for
each of the residues (see errorbars in Figure 9).

IV. Conclusions
The present results from our molecular dynamics simulation
of ubiquitin allows us to draw several conclusions. Most
importantly we have shown that long MD simulations can
yield insight in the internal dynamics beyond the time scale
that is commonly studied in NMR relaxation studies. Motions
on longer time scales than the overall tumbling do not affect
the back-calculated NMR relaxation parametersT1, T2, and
NOE and will consequently go undetected in the standard
model-free analysis. We also have shown that time scales
are in general underestimated in the standard model-free
analysis, unless extremely precise experimental data can be
recorded. Consequently nanosecond time scale motions often
remain undetected. The observation of slow motions in the
present simulation is corroborated by recent experimental
studies on protein backbone motion based on residual dipolar
coupling measurements and cross-correlation measurements.

One of the generally accepted assumptions that overall
and internal motions are uncorrelated in globular proteins,2

a requisitive for the model-free analysis, does not hold for
quite a number of residues in our simulation. Here it should
be noted that in the present simulation for many residues
the internal correlation time is larger than the global
correlation time. This situation is opposite from what is
believed to be the case for globular proteins studied with
NMR.2 It remains thus undecided if global and internal
motions can be split up following eq 6. Although this relation
is widely used in the NMR field, evidence from simulation
or experiment that it really holds is sparse.2,6 To really test
this assumption for globular proteins, longer MD simulations
of at least 1µs are needed.

An important point in extending the time scales of MD
simulations for this purpose is that suitable parameters and
solvent models should be used that reproduce the overall

tumbling in solution. Most force fields, however, have been
parametrized on much shorter time scales aiming at properly
reproducing structural, short time scale dynamics, and ther-
modynamics properties. Obtaining parameters that, in addi-
tion, properly reproduce long time scale dynamics and overall
tumbling remains a challenge. Such an effort will also strong-
ly depend on the availability of high quality experimental
data describing long time scale dynamics in biomolecules.

In conclusion, the present work underlines both the
strengths and weaknesses of MD simulation methods and,
to some extent, the experimental limitations of NMR
relaxation studies, especially regarding the required accuracy,
in properly describing long times scale dynamics.
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