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ABSTRACT The relative stability of protein
structures determined by either X-ray crystallogra-
phy or nuclear magnetic resonance (NMR) spectros-
copy has been investigated by using molecular dy-
namics simulation techniques. Published structures
of 34 proteins containing between 50 and 100 resi-
dues have been evaluated. The proteins selected
represent a mixture of secondary structure types
including all �, all �, and �/�. The proteins selected
do not contain cysteine–cysteine bridges. In addi-
tion, any crystallographic waters, metal ions, cofac-
tors, or bound ligands were removed before the
systems were simulated. The stability of the struc-
tures was evaluated by simulating, under identical
conditions, each of the proteins for at least 5 ns in
explicit solvent. It is found that not only do NMR-
derived structures have, on average, higher inter-
nal strain than structures determined by X-ray crys-
tallography but that a significant proportion of the
structures are unstable and rapidly diverge in simu-
lations. Proteins 2003;53:111–120.
© 2003 Wiley-Liss, Inc.
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INTRODUCTION

Currently, the primary means to determine the tertiary
structures of proteins at atomic resolution is either using
solution nuclear magnetic resonance (NMR) spectroscopy
techniques or by X-ray diffraction (X-ray) from crystals.1

NMR spectroscopy has the advantage that structures can
be obtained in solution without the constraints imposed by
crystal packing but is limited to molecules below a given
size that do not aggregate at high concentration.2 X-ray
crystallography is not in principle limited to molecules of a
given size but does require crystallization. Both ap-
proaches are very powerful. However, neither can be used
to solve the structure of a protein directly, except in rare
cases. Instead, molecular modeling and simulation tech-
niques are used to generate a structure or a collection of
structures consistent with the experimental data. In X-ray
crystallography, this involves fitting a model to electron
density data.3 In NMR-derived structures, it involves
fitting a collection of models to a series of distance and
angle constraints.4 Thus, not only is the environment in

which proteins are studied when using NMR or X-ray
crystallographic techniques different but, so too are the
nature of the structural data obtained and the distribution
of structural information within the molecule. For ex-
ample, in NMR-derived structures, redundant distance
information is normally only available in tightly packed
regions of the structure. Resonance assignments can also
be ambiguous. Furthermore, in both cases the experimen-
tal data itself corresponds to a time and ensemble average
rather than reflecting the properties of a single molecule.4

As a consequence of the above, structures of proteins
determined by NMR or X-ray crystallography will never be
identical. They are ultimately models that have been fitted
to different experimental data. Fortunately, the structures
of proteins determined by both NMR and X-ray crystallog-
raphy have in general been shown to have very similar
backbone folds.5–9 Nevertheless, they will differ in detail
such as how groups of atoms and side-chains are packed.
The question is, how significant are these differences? In
particular, are structures obtained from NMR and X-ray
crystallography equally suitable for use as a starting point
for further studies such as modeling protein dynamics,
protein–protein interactions, or protein-ligand interac-
tions?

In an attempt to address this question, molecular dynam-
ics simulation techniques have been used to investigate
the relative stability of protein structures solved by using
either NMR or X-ray crystallography or both. A total of 34
proteins ranging in size from 50 to 100 amino acid residues
were selected for the study. None of the proteins contain
cysteine–cysteine bridges. All bound metal ions, ligands,
and crystallographic waters were removed. Each protein
structure was simulated in explicit solvent under identical
conditions. Key structural and dynamic properties of the
systems were then analyzed. The concept behind this
study was that by keeping all other parameters constant,
variations in the properties analyzed would depend primar-
ily on the quality of initial structural data.
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MATERIALS AND METHODS
Structure Selection

The 39 structures used in this study,9–47 corresponding to
34 different proteins were taken from the Protein Data Bank
(PDB).48 Of these proteins, 26 were identical to those used by
Baker and coworkers to test the ROSETTA method for ab
initio protein structure prediction.49 The PDB identification
code, the method used for solving the structures, and a range
of structural properties of the 39 structures are summarized
in Tables I and II. Of these proteins, 15 were solved with
X-ray diffraction only, 14 were solved with NMR spectros-
copy only, and 5 with both techniques. All of the proteins in
this study contained between 50 and 100 residues. None of
the structures contained cysteine–cysteine bridges. All but

two of the proteins are believed to be monomeric in solution.
The 39 structures are divided into two lists. The first contains
the 20 structures determined by X-ray crystallography (Table
I). The second contains the 19 structures determined with
use of NMR techniques (Table II). Of these NMR structures,
nine correspond to energy minimized average structures
where only a single structure was given in the PDB. In the
remaining cases, where multiple structures have been depos-
ited in the PDB, the first structure in each set was chosen to
represent the molecule.

Molecular Dynamics Simulations

All simulations were performed in explicit water using
the GROMACS (Groningen Machine for Chemical Simula-

TABLE I. A Summary of the Properties of the Structures Determined by X-ray Crystallography. Units kJmol�1 and nm

No. PDBID Description Reference Resolution Nres N� N�

Charge
%

Net
Charge

Energy
protein

Energy
per res Rg RMSD

RMSD
(Bfac1)

RMSD
(Bfac2)

1 1vif Dihydrofolate reductase Narayana et al.,
199510

0.18 60 0 26 17 0 �2688 �44.8 1.08 0.29 0.19 (4) 0.29 (0)

2 1tuc A-spectrin Viguera et al.,
199511

0.18 61 3 25 30 0 �2752 �45.1 1.08 0.21 0.21 (1) 0.16 (2)

3 1vcc DNA topoisomerase I Sharma et al.,
199412

0.16 77 11 25 25 �1 �4221 �54.8 1.22 0.23 0.23 (0) 0.23 (0)

4 1ail Nonstructural protein
NSI

Liu et al., 199713 0.19 70 60 0 29 2 �3996 �57.1 1.27 0.27 0.27 (0) 0.19 (7)

5 1cei Colicin E7 immunity
protein

Chak et al., 199614 0.18 85 49 0 34 �9 �3413 �40.2 1.23 1.18 1.18 (0) 1.13 (1)

6 1rpo ROP mutant
(dimer)

Vlassi et al., 199415 0.14 61 55 0 30 �6 �2381 �39.0 1.43 0.60 0.60 (0) 0.24 (38)
�12 0.13 0.09 (2)

7 1a32 Ribosomal protein S15
(residues 23-85)

Clemons et al.,
199816

0.21 85 65 0 36 7 �3951 �46.5 1.84 1.34
(0.56)

1.33 (4) 1.35 (2)

8 1ae3 Gene V protein Su et al., 199717 0.20 86 6 41 17 1 �2220 �25.8 1.42 0.40 0.40 (1) 0.39 (4)
(dimer) 2 0.32 0.30 (2)

9 1ctf 50 S ribosomal protein Leijonmarck et al.,
198718

0.17 68 38 18 35 �2 �3074 �45.2 1.12 0.17 0.17 (0) 0.17 (2)

10 1pgx Protein G B2 domain
(residues 7-62)

Achari et al.,
199219

0.17 70 14 28 26 �4 �1858 �26.5 1.42 0.50
(0.11)

0.50 (0) 0.15 (11)

11 1tif Transition initiation
factor 3

Biou et al., 199520 0.18 76 27 22 38 5 �3439 �45.2 1.38 0.24 0.24 (0) 0.21 (3)

12 2acy Acylphosphate Thunnissen et al.,
199721

0.18 98 24 41 26 1 �4590 �46.8 1.25 0.21 0.21 (2) 0.21 (1)

13 2fxb Ferredoxin Fukuyama et al.,
200222

0.09 81 16 14 31 �17 �2545 �31.4 1.13 0.23 0.23 (0) 0.23 (1)

14 1r69 Gene regulation protein
434 repressor (R1-69)

Mondragon et al.,
198923

0.20 63 40 0 22 4 �3322 �52.7 1.05 0.18 0.18 (0) 0.18 (0)

15 1bm8 Transcription factor
MBP1

Xu et al., 199724 0.17 99 32 28 28 6 �5139 �51.9 1.24 0.29 0.28 (4) 0.29 (1)

16 2ci2 Chymotrypsin inhibitor
2

McPhalen et al.,
198725

0.20 63 13 22 33 �1 �3340 �53.0 1.11 0.10 0.10 (0) 0.10 (0)

17 1pgb Protein G B1 domain Gallagher et al.,
199426

0.19 56 14 30 28 �4 �3089 �55.2 1.05 0.13 0.13 (0) 0.13 (0)

18 1shg �-spectrin Musacchio et al.,
199227

0.18 57 3 28 33 1 �3259 �57.2 1.03 0.09 0.08 (2) 0.08 (1)

19 1ubi Ubiquitin Ramage et al.,
199428

0.18 76 12 23 29 0 �3653 �48.1 1.16 0.11 0.11 (0) 0.10 (4)

20 1a19 Barstar Ratnaparkhi et al.,
199829

0.28 89 39 15 24 �6 �3634 �40.8 1.22 0.15 0.15 (17) 0.15 (0)

PDBID, PDB identifier; Nres, number of residues; N�, the number of helical residues; N�, the number of strand residues; Charge %, the percentage
of charged residues; Energyprotein, the initial internal energy; Energyperres., internal energy per residue; Rg, the initial radius of gyration; RMSD
refers to backbone root mean square positional deviation of the average structure during the last 1 ns with respect to the experimental structure.
Bfac1 excludes residues (number in brackets) for which the B-factor of the C� in the experimental structure is high (� 60.0 Å2). Bfac2 excludes
residues (number in brackets) for which the apparent B-factor calculated from the simulation is � 100.0 Å2 (see explanation in text). Two
C-terminal residues of 2ci2 were removed for compatibility with 3ci2.

112 H. FAN AND A.E. MARK



tion) package50–52 in conjunction with the GROMOS96
43a1 force field for condensed-phase simulations.53,54 The
Simple Point Charge (SPC) model was used to represent
water.55 The protonation state of ionizable groups in each
of the proteins was chosen appropriate for pH 7.0. No
counterions were added to neutralize the system. Bound
metal ions, crystallographic waters, and ligands were
removed from the experimental structures before simula-
tion. The molecular dynamics simulations were performed
at constant temperature and pressure in a periodic trun-
cated octahedral box. The minimum distance between any
atom of the protein and the box wall was 1.0 nm. Depend-
ing on the size and shape of the protein, this resulted in
between 3,000 and 18,000 water molecules in the simula-
tion box with most systems containing 4000–6000 water
molecules. Nonbonded interactions were evaluated by
using a twin-range method. Coulomb and van der Waals

interactions within a shorter-range cutoff of 0.9 nm were
evaluated at every timestep. Longer-range Coulomb and
van der Waals interactions between 0.9 and 1.4 nm were
updated every five steps and held constant for the interven-
ing steps. To minimize the effects of truncating the electro-
static interactions beyond the 1.4-nm long-range cutoff, a
reaction field correction56 was applied using a relative
dielectric constant of 78. To remove high-frequency de-
grees of freedom, explicit hydrogen atoms in the force field
were replaced by dummy atoms, the positions of which
were constructed each step from the coordinates of the
heavy atoms to which they are attached. This allows a
timestep of 4 fs to be used without affecting significantly
the thermodynamic properties of the system.57 Covalent
bonds in the protein were constrained by using the LINCS
algorithm.58 The SETTLE algorithm59 was used to con-
strain the geometry of the water molecules. To generate

TABLE II. A Summary of Refinement Details and Structural Properties for the Structures Determined
by NMR. Units kJmol�1 and nm

No. PDBID Description Reference NOE’s Nres N� N�

Charge
%

Net
Charge

Energy
protein

Energy
per res Rg RMSD

RMSD
(Bfac1)

RMSD
(Bfac2)

1 1aoy Arginine repressor Sunnerhagen et al.,
199730

2288 78 32 8 27 3 �2281 �29.2 1.32 0.42 0.11 (15) 0.42 (0)

2 1stu Mat. Effect protein
staufen

Bycroft et al.,
199531

621 68 26 20 28 5 988 14.5 1.23 0.32 0.20 (14) 0.32 (1)

3 1sro PNPase Bycroft et al.,
199732

723 76 4 27 30 1 �485 �6.4 1.24 0.29 0.24 (12) 0.27 (5)

4 1sap Sac7d Edmondson et al.,
199533

775 66 20 27 45 6 �3267 �49.5 1.16 0.33 0.16 (17) 0.28 (1)

5 1afi MerP Steele et al., 199734 918 72 21 21 24 3 �540 �7.5 1.12 0.15 —(64) 0.15 (0)
6 1bb8 Integrase Connolly et al.,

199835
1172 71 11 14 41 5 �2120 �29.8 1.28 0.73 0.71 (6) 0.52 (14)

7 2bby Rap30 Groft et al., 199836 1196 69 35 4 30 3 �1285 �18.6 1.19 0.21 0.20 (2) 0.20 (2)
8 2fmr FMRI protein Musco et al., 199737 907 65 18 18 28 �4 �824 �12.7 1.19 0.54 0.40 (9) 0.53 (1)
9 1alz FADD protein Eberstadt et al.,

199838
1036 83 62 0 32 �3 �1169 �14.1 1.23 0.26 0.26 (0) 0.24 (1)

10 1bw6 Centromere protein B Iwahara et al.,
199839

626 56 32 0 36 6 �254 �4.5 1.12 0.71 0.54 (11) 0.68 (5)

11 1coo RNA polymerase
alpha subunit

Jeon et al., 199540 822 81 35 0 28 �3 �590 �7.3 1.22 0.26 0.20 (7) 0.20 (3)

12 1lea LexA rep. DNA
binding domain

Fogh et al., 199441 613 72 39 0 28 2 �4060 �56.4 1.12 0.22 — 0.19 (1)

13 2af8 Actinorhodin
polyketide
synthase acyl
carrier

Crump et al.,
199742

699 86 43 0 30 �12 �455 �5.3 1.31 0.66 —(45) 0.59 (5)

14 2ezh Tranposase Clubb et al., 199743 969 65 45 0 34 �2 �1288 �19.8 1.20 0.30 0.27 (6) 0.29 (1)
15 3ci2 Chymotrypsin

inhibitor 2
Ludvigsen et al.,

199144
961 63 11 10 32 0 �2817 �44.7 1.10 0.16 0.14 (6) 0.16 (0)

16 2gb1 Protein G B1 domain Gronenborn et al.,
199145

854 56 13 22 28 �4 �1834 �32.8 1.07 0.16 0.16 (0) 0.16 (0)

17 1aey �-spectrin Blanco et al., 19979 687 57 3 28 33 1 �3995 �70.1 1.04 0.14 0.14 (3) 0.14 (1)
18 1d3z Ubiquitin Cornilescu et al.,

199846
2727 76 12 23 29 0 �1834 �24.1 1.17 0.22 —(76) 0.15 (3)

19 1bta Barstar Lubienski et al.,
199447

1613 89 37 16 24 �6 �2050 �23.0 1.21 0.18 0.18 (3) 0.18 (0)

NOE’s, number of distance restraints used in the refinement. The C-terminal residue of 1aey was removed for compatibility 1shg. Only a single
minimized average structure was given for 1sap, 1alz, 1bw6, 1coo, 1lea, 2af8, 2ezh, 2gbl and 1bta in the PDB. RMSD refers to the backbone RMSD
as described in Table 1. Bfac1 excludes residues (number in brackets) for which the apparent B-factor for the C� atoms calculated from the
variation in the experimentally derived structures is � 100.0 Å2. Where RMSD values per atom were given in the PDB file these values were used
to estimate the apparent B-factor. Where no RMSD values were given the RMSD was estimated from the ensemble of structures deposited in the
PDB. No values are given for 1lea as only a single average structure was deposited which did not include RMSD values per atom. In addition no
estimate for the overall RMSD (Bfact1) is given where � 50% of the residues were excluded. Bfac2 excludes residues (number in brackets) for
which the apparent B-factor calculated from the simulation is � 100.0 Å2.
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the starting configuration for each system, the following
protocol was used. After energy minimization (EM) using a
steepest descent algorithm, 10 ps of molecular dynamics
with position restraints on the protein (PRMD) were
performed at 250 K to gently relax the system. Unre-
strained molecular dynamics (MD) simulations were then
performed at 300 K for 5-ns to assess the stability of the
structures. During the simulations, the temperature and
the pressure were maintained at 300 K and 1 bar by
coupling to an external heat and an isotropic pressure
bath.60 The relaxation times were 0.1 ps and 0.5 ps,
respectively.

RESULTS AND DISCUSSION
Intermolecular Energy

Ten steps of energy minimization using a steepest
descent algorithm were performed on each of the 39
structures to release possible strain in the initial struc-
tures before initiating the dynamics simulations. The
internal energy of each of the structures after minimiza-
tion is listed in Tables I and II. The internal energy of the
X-ray derived structures was in the range of �5139
kJmol�1 to �1858 kJmol�1. The mean internal energy is
�3328 kJmol�1. In contrast, the internal energies of the
NMR-derived structures were in the range of �4060
kJmol�1 to 988 kJmol�1 with a mean internal energy of
�1587 kJmol�1. For the X-ray-derived structures, there is,
as expected, a weak linear correlation between the number
of residues in the structure and the internal energy with a
negative slope (slope � �33.5; correlation coefficient �
�0.55). The larger the molecule, the more negative is the
energy. In NMR-derived structures, no such relation is
evident (slope � 24.8; correlation coefficient � 0.18).

The average energy per residue in each structure is also
listed in Tables I and II. Again, it can be seen that the
average energy per residue is significantly lower for the
X-ray-derived structures with a smaller standard devia-
tion (�45 kJmol�1 � 9) than the NMR-derived structures
(�23 kJmol�1 � 21). However, we note that those NMR
structures for which both an NMR structure and an X-ray
structure are available, the energy per residue is compa-
rable to those of the X-ray structures. The relatively high
energies suggest that most, although not all, of the NMR
structures examined are under internal strain.

Ten steps of minimization is, of course, very limited. The
structures are not fully relaxed. The minimization was
used primarily to remove possible strain due to van der
Waals overlap arising from minor differences between
the force field used to refine the structures and the
GROMOS96 force field without allowing any significant
structural changes. Thus, the energies listed in these two
tables reflect the structures as deposited in the PDB.
However, we note that comparisons made after 100 steps
of minimization were qualitatively identical.

Structure Deviations in MD Simulations

The root-mean-square positional deviation (RMSD) of
all backbone atoms from the respective experimental
structures (NMR or X-ray) after a performing a least-

square best fit was used to monitor structural changes
after minimization and during the simulations. In all
cases, the RMSD after minimization was as expected
small, �0.02 nm. The RMSD after a 0.01-ns equilibration
was similar for all structures and in the order of 0.1 nm.
Simulations of at least a nanosecond were required to
reliably resolve significant structural changes. The last
three columns in Tables I and II list the RMSD for the
average structure over the last 1 ns of the 5-ns simula-
tions. The third last column lists the RMSD calculated for
all backbone atoms. The second last column lists the
RMSD calculated after excluding highly mobile residues
as determined during the refinement of the experimental
structure. The last column lists the RMSD calculated after
excluding residues found to be highly mobile in the simula-
tions (normally residues at the N- and C-termini). Con-
sider first only the RMSD calculated for all backbone
atoms, which we think is the most objective approach. Of
the 20 X-ray-derived structures, 2 deviate � 0.1 nm, 7 �

0.2 nm, 15 � 0.3 nm, and 5 deviate � 0.3 nm. Of the 19
NMR-derived structures, 0 deviate � 0.1 nm, 5 � 0.2 nm,
12 � 0.3 nm shown, and 7 deviate � 0.3 nm. However, this
comparison does not accurately reflect the stability of the
structures. Five X-ray-derived structures deviate by �0.3
nm within 5 ns in the simulations. In four of these cases,
the deviations from the starting crystal structures are
clearly due to the release of crystal-packing forces. The
ROP mutant protein (1rpo), which was a member of the
test set proposed by Baker and coworkers, was in fact
crystallized as a dimer.15 Simulations of the dimer show a
backbone RMSD of only 0.13 nm. The mutant R82C of
GENE V protein (1ae3) also crystallizes and is active as a
dimer. The backbone RMSD, which is 0.40 nm when
simulated as monomer, decreases to 0.32 nm when simu-
lated as a dimer. The ribosomal protein S15 (1a32) crystal-
lizes in a highly extended form, essentially as two do-
mains. The high RMSD in this case reflects the relative
motion and the mutual collapse of the two domains in
solution [Fig. 1(a)]. The RMSD calculated for the primary
domain alone (residues 23–85) is 0.56 nm. In the immuno-
globulin-binding protein G B2 domain (1pgx) shown in
Figure 1(b), the RMSD is dominated by the motion of the
highly flexible N- and C- terminal residues. For compari-
son, the NMR and X-ray structures of the structurally
related G B1 domain, which contains only 56 residues
corresponding to the central core of G B2, has an RMSD
of � 0.2 nm. Considering the equivalent core region in G
B2 (residues 7–62), the RMSD is only 0.11 nm. Excluding
the case of ribosomal protein S15 (1a32), for which the
RMSD is clearly an artifact, we find that of the 19
remaining X-ray-derived structures, 2 deviate � 0.1 nm,
9 � 0.2 nm, 17 � 0.3 nm, and only 2 deviate � 0.3 nm. The
large deviations in the case of the X-ray-derived structure
of Colicin E7 immunity protein (1cei) illustrated in Figure
1(c) could not be obviously explained by the loss of specific
crystal contacts. This predominantly helical structure
deviates considerably from the initial structure (1.18 nm
at 5 ns). The protein does carry a high net charge of �9,
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and it is possible that this resulted in the structural
changes observed.

We note that no counter ions were included in any of the
simulations. Counter ions were not included in the simula-
tions for three reasons. 1) They diffuse slowly on the MD
timescale and the position at which ions are placed can
significantly affect how specific configurations evolve in
time. 2) The effects of surface charges are effectively
screened by the dielectric response of water. 3) Because
the box volumes are small and vary considerably between
the simulations, the inclusion of counter ions would result

in large differences in the effective ionic strength. It is
possible that the deviations in the case of 1cei are due to
the fact that this molecule is highly charged. However,
there is no obvious evidence of internal strain (energy per
residue after minimization was �40 kJmol�1). In addition,
considering the set of X-ray-derived structures as a whole,
there was no significant correlation between the net
charge on the molecules and the RMSD after 5 ns (slope �
0.20; correlation coefficient � 0.27) Furthermore, the ROP
mutant dimer that deviated only 0.13 nm carried a net
charge of �12 (see Table I).

For the NMR structures, which represent proteins in
solution, there is no factor equivalent to crystal-packing
effects that could explain cases with large RMSD devia-
tions. As illustrated in Figure 2(a), some structures (e.g.,
native form of mercury detoxification protein, 1afi) remain
very close to their initial structures. However, more than a
third of the structures examined deviated by �0.3 nm
backbone RMSD. Two examples, corresponding to Centro-
mere protein B (1bw6) and FMR1 protein (2fmr), are
illustrated in Figure 2(b and c). In both of these cases, the
initial structures are compact but show considerable struc-
tural rearrangements during the simulations. There is no
obvious reason why these structures should display such
large deviations. No significant correlation was found
between the overall RMSD and other properties such as
proportion of �-helix and/or �-sheet, the percentage of
charged residues, and the initial shape of the molecule as
reflected in the radius of gyration. There was also no
correlation between the overall RMSD and the apparent
quality of the experimental structures as determined by
the AVE measure from the PROCHECK series of tests.61,62

The highest correlation coefficient between the behavior
observed in the simulation and a physical property was
0.62 for the NMR-derived structures. This corresponded to
a linear relationship between the backbone RMSD and the
overall net charge. However, considering all the structures
involved in current work, the correlation between net
charge and RMSD was only 0.35, casting doubt on whether
the net charge is in fact significant.

To estimate the statistical significance of the difference
between the distributions obtained for the X-ray and NMR
structures, a two-sample t-test was applied.63 The struc-
tures were scored according to their RMSD: 0 � RMSD �
0.1 nm; 1 � 0.1 nm � RMSD � 0.2 nm; 2 � 0.2 nm �
RMSD � 0.3 nm; 3 � RMSD � 0.3 nm. If no allowance is
made for the effect of packing forces or the fact that 1rpo
and 1ae3 are dimers in solution, the confidence level that
the NMR structures show a larger deviation is 0.7–0.8.
Statistically, this is not very significant. However, simulat-
ing 1rpo and 1ae3 as dimmers, the confidence level in-
creases to 0.8–0.9. Furthermore, when 1a32 is removed
from the set, as its extended structure is clearly deter-
mined by packing forces, and only the central portion of
1pgx is considered, the confidence level increases to 0.95–
0.98, which clearly is statistically significant.

Figure 3 shows the time evolution of the RMSD from the
respective experimental structures for the five proteins
solved by both techniques. Because no coordinates were

Fig. 1. Conformations of three proteins, solved by X-ray diffraction,
which show large structural deviations during molecular dynamics (MD)
simulations illustrating the type of deviations observed and the effects of
crystal packing. On the left are shown the initial conformations (0 ns); on
the right conformations after 5 ns of simulation (5 ns): ribosomal protein
S15 (1a32) (a), protein G B2 domain (1pgx) (b) and colicin E7 immunity
protein (1cei) (c).
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given for the two C-terminal residues in the NMR struc-
ture of chymotrypsin inhibitor 2 (3ci2), these two residues
were deleted from the corresponding X-ray structure (2ci2)
before the system was simulated. In addition, there is a
difference in the sequence with residue 58GLN in the
NMR structure being substituted by 58GLU in the X-ray
structure. In the X-ray structure of the ribonuclease
inhibitor (1a19), there was a single substitution at residue
82, ALA instead of CYS as in the corresponding NMR
structure (1bta). In �-spectrin (SH3 domain), the C-
terminal residue was deleted from the NMR structure

(1aey) before the system was simulated to make it consis-
tent with the corresponding X-ray structure (1shg). As can
be readily seen in Figure 3, the RMSD curves for the five
X-ray structures (black lines) consistently show lower
deviations than the corresponding curves for the NMR
structures (gray lines) during the simulations. The differ-
ences are not large but are systematic. Applying a Student
t-test and assuming that the X-ray and NMR structures
have an equal probability of deviating more from the
experimental structure, we conclude that the NMR struc-
tures deviate more than the X-ray-derived structures with
a confidence level of � 0.98.63

As noted by one referee of the manuscript, the results
could be biased by the inclusion of residues that experimen-
tally show high relative mobility. The second last column
in Tables I and II lists the RMSD calculated after exclud-
ing residues, which are highly mobile or for which the
positions are uncertain. In the X-ray-derived structures,
experimental B-factors were used as an indication of
mobility. In the NMR-derived structures, apparent B-
factors were used. These apparent B-factors were derived
from the RMSD of the atomic positions obtained during
the refinement or from the spread of the ensemble of
structures deposited in the PDB where RMSD values per
atom were not given. We note that inferring absolute
mobility of residues from B-factors for comparison with
simulation data is not straightforward.64 In addition to
thermal motion, uncertainty caused by crystal defects and
measurement errors can also contribute to crystallo-
graphic B-factors. Upper constraints are also often applied
to B-factors during the refinement of X-ray structures.3 In
structures solved by NMR, the atomic RMSD values
included in most files instead of B-factors reflect the
spread of structures obtained during the refinement proce-
dure as opposed to true motion. For these reasons, it is not

Fig. 2. Conformations of three proteins, the structures of which were
solved with NMR techniques. On the left are shown the initial conforma-
tions (0 ns); on the right conformations after 5 ns of simulation (5 ns).
Bacterial mercury detoxification protein (1afi) (a), centromere protein B
(1bw6) (b), and FMR1 protein (2fmr) (c).

Fig. 3. Time evolution of the backbone RMSD from the starting
structure during 5 ns of simulation for each of the five proteins, the
structures of which were solved by both X-ray diffraction (black) and NMR
(gray). Chymotrypsin inhibitor 2 (2ci2, 3ci2) (a), protein G B1 domain
(1pgb, 2gb1) (b), ribonuclease inhibitor, Barstar (1a19, 1bta) (c), �-spec-
trin (1shg, 1aey) (d), and Ubiquitin (1ubi, 1d3z) (e).
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possible to make a one-to-one comparison between the
X-ray-derived B-factors and the apparent B-factors esti-
mated from the spread of the NMR structures. In particu-
lar, the latter are on average much larger.

For the X-ray-derived structures, residues were consid-
ered highly mobile if the B-factor of the C� was � 60 Å2.
For the NMR-derived structures, a larger cutoff of � 100
Å2 was used. These atoms were excluded from the superpo-
sition of the simulated structure onto experimental struc-
ture and the determination of the overall RMSD. The
number of residues excluded in each case is listed in
Tables I and II, together with the RMSD. In the X-ray-
derived structures given in Table I, 8 of the 20 structures
have residues for which the B-factor of the C� is �60 Å2.
However, only in the case of 1vif does excluding the more
mobile residues make a significant difference to the RMSD.
Clearly, there is no correlation between the overall RMSD
found in the simulation and the number of residues with
high B-factors.

In NMR-derived structures, the apparent B-factors are
highly dependent on the refinement protocol. Two struc-
tures (1alz and 2gb1) contain no residues for which the
apparent B-factor � 100 Å2. In contrast, in three struc-
tures (1afi, 2af8, and 1d3z), �50% of the residues have
apparent B-factors � 100 Å2. In three cases (1aoy, 1stu,
and 1asp), in which 15, 14, and 17 residues are excluded,
respectively, it is apparent that excluding the more mobile
residues (or residues for which the positions are uncertain)
has a marked effect on the RMSD. Overall, however, there
is still little correlation between the number of apparently
mobile residues and the calculated RMSD. For example,
1afi is stable in the simulations with a very low overall
RMSD despite 64 of 72 residues presenting relatively high
apparent B-factors. Clearly, it is not possible to account for
the difference in the behavior of the X-ray- and NMR-
derived structures in the simulations by excluding resi-
dues with high apparent mobility as determined during
refinement in a rigorous and consistent manner.

The last column in Tables I and II lists the RMSD
calculated after excluding residues found to be highly
mobile in the simulation, which could indicate locations
dominated by crystal packing forces or regions poorly
defined in NMR structures. Highly mobile resides were
determined by calculating an apparent B-factor from the
root-mean-square fluctuation of atoms obtained during the
last nanosecond of the 5-ns simulations. Residues for
which any backbone atom had an apparent B-factor of
�100 Å2 were excluded in a similar manner as for the
experimentally derived B-factors. Again, the number of
residues excluded in each case is listed in Tables I and II,
together with the RMSD. In most cases, the number of
residues excluded is small, between 0 and 10% of the total
number of residues. In almost all cases, the highly mobile
residues corresponded to residues at the N- and/or C-
termini. Elimination of the most highly mobile residues in
general results in a reduction in the RMSD. Note that
because the RMSD is calculated from an average struc-
ture, the elimination of highly mobile residues does not
necessarily result in a decrease in the overall RMSD if the

fluctuations were with respect to a well-defined average
position. For only one structure is there a clear anomaly.
When 1rpo was simulated as a monomer, �60% of the
residues had high apparent B-factors as a result of the
molecule deforming. However, simulated as a dimer, only
two residues were considered highly mobile. Considering
1rpo and 1ae3 as dimers but making no other corrections,
we find of the 20 X-ray-derived structures, 4 deviate � 0.1
nm, 11 � 0.2 nm, 18 � 0.3 nm, and 2 deviate � 0.3 nm. Of
the 19 NMR-derived structures, 0 deviate � 0.1 nm, 9 �
0.2 nm, 13 � 0.3 nm shown, and 6 deviate � 0.3 nm. Thus,
the overall trend remains the same after the exclusion of
highly mobile residues. If anything, the differences be-
tween the X-ray- and NMR-derived structures is more
evident. We also note that no allowance is required in1pgx
because the extended N- and C-terminal regions observed
in the crystal stricture are highly mobile in the simulation
and thus excluded automatically from the fit.

Consistency Checks

To test the consistency of the simulations and to deter-
mine the sensitivity of the simulations to the choice of
starting velocities, four structures were selected at ran-
dom and the simulations were repeated with different
starting velocities. A comparison of RMSD from the start-
ing structure over 5 ns for each of the proteins is shown in
Figure 4. For each of the structures, two derived from
X-ray diffraction and two using NMR, similar behavior
was observed irrespective of the initial velocities. The
choice of initial atom velocities did not result in large
differences in the evolution of the structures in 5-ns MD
simulation. Therefore, it is unlikely that the difference
observed in the behavior of structures derived from X-ray
or NMR studies is simply due to statistical fluctuations.

To examine the convergence of the systems as a function
of time, the simulations of two of the proteins (1tuc and

Fig. 4. The RMSD from the starting structure as a function of time
illustrating the sensitivity of the simulations to changes in the initial
velocities. �-Spectrin (1tuc) (a), DNA topoisomerase I (1vcc) (b), bacterial
mercury detoxification protein (1afi) (c), actinorhodin polyketide synthase
acyl carrier (2af8) (d).
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1afi) were extended to 50 ns. The corresponding RMSD
plots are presented in Figure 5. In these two cases, no large
structural fluctuations were observed after the first 5 ns.
This finding suggests that structural changes induced by
stress within the initial structures can manifest rapidly
and that although longer simulation times are clearly
desirable, 5 ns is sufficient to assess the relative stability
of the initial structures given the 39 structures incorpo-
rated in this study.

CONCLUSIONS

Using molecular dynamics simulation techniques, we
have analyzed the relative stability of 34 proteins, the
structures of which were determined by X-ray crystallogra-
phy, by NMR spectroscopic techniques, or by both. Compar-
ing the RMSD from the experimentally derived structure
after 5 ns of simulation we find that, on average, X-ray-
derived structures are significantly more stable (show
smaller deviations than NMR-derived structures). No cor-
relation between the magnitude of the RMSD from the
starting structure after 5 ns and any property of the
system (such as size, secondary structure content, or
charge distribution) other than the method used to deter-
mine the structures could be identified. In addition, we
found that, on average, the NMR-derived structures had
substantially higher internal energies than the X-ray-
derived structures of comparable size.

It could be argued that because the structures of pro-
teins determined by NMR reflect that in solution, without
the distortions imposed by crystal-packing forces, NMR
structures should distort less than X-ray-derived struc-
tures when simulated as isolated molecules. Except in rare
cases in which the structure in the crystal is clearly
dominated by crystal-packing forces, this appears not to be
the case. The work suggests that the current approaches
used to determine NMR structures frequently yield struc-

tures with considerable internal strain.65 What we have
not done is attempt to determine which of the various
NMR refinement protocols most often lead to unstable
structures. For this, the sample size is too small, and there
is already much debate in the literature about the relative
merits of different refinement approaches.66–72 Overall,
we must conclude that currently, structures determined
with use of X-ray techniques, when available, are in
general more suited for use as a starting point for model-
ing studies to investigate protein motions or protein-
ligand interactions.
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