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ABSTRACT An all-atom local contact model is described that can be used to predict protein motions underlying isotropic
crystallographic B-factors. It uses a mean-field approximation to represent the motion of an atom in a harmonic potential
generated by the surrounding atoms resting at their equilibrium positions. Based on a 400-ns molecular dynamics simulation
of ubiquitin in explicit water, it is found that each surrounding atom stiffens the spring constant by a term that on average scales
exponentially with the interatomic distance. This model combines features of the local density model by Halle and the
local contact model by Zhang and Brischweiler. When applied to a nonredundant set of 98 ultra-high resolution protein
structures, an average correlation coefficient of 0.75 is obtained for all atoms. The systematic inclusion of crystal contact contri-
butions and fraying effects is found to enhance the performance substantially. Because the computational cost of the local
contact model scales linearly with the number of protein atoms, it is applicable to proteins of any size for the prediction of
B-factors of both backbone and side-chain atoms. The model performs as well as or better than several other models tested,
such as rigid-body motional models, the local density model, and various forms of the elastic network model. It is concluded
that at the currently achievable level of accuracy, collective intramolecular motions are not essential for the interpretation of

B-factors.

INTRODUCTION

Advances in x-ray crystallography and NMR spectroscopy
have allowed the determination of a large number of protein
structures, as is reflected in the rapid growth of the Protein
Data Bank (PDB) (1). Although most proteins adopt a highly
specific average three-dimensional structure, they also
exhibit significant amounts of fluctuations that play an
important role in protein function. For the protein backbone,
for example, heteronuclear NMR relaxation spectroscopy
yields time-resolved dynamic information about reorienta-
tional motions of bonds, such as the backbone amide N-H
bonds (2,3). Amino acid side-chain dynamic information
from NMR, on the other hand, is much more sparse, with
the exception of methyl-bearing side chains (4).

X-ray crystallography provides information about protein
mobility through Debye-Waller temperature factors, or
B-factors, for both backbone and side-chain atoms (5). The
B-factor is a measure of the uncertainty of the atomic
position, which includes the effects of noise due to model
errors and lattice defects, in addition to the positional vari-
ance of thermal protein motion. The amount of noise is
generally lowest for the highest-resolution structures (<1 A).

There is significant interest in reproducing experimental
protein dynamics data by computational methods to assess
the quality of the latter. Among computational methods,
molecular dynamics (MD) computer simulations provide
the most comprehensive view of protein motions (6). Exper-
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imental dynamics parameters serve as useful benchmarks
for the assessment of molecular mechanics force fields,
sampling of conformational space, and computational
protocols (7). The sampling issue can be bypassed, at the
cost of accuracy, by using normal-mode analysis where the
force field in the vicinity of the native state is replaced by
its multivariate quadratic expansion. This allows the compact
representation of protein dynamics by the superposition of
motional fluctuations along normal modes with individual
amplitudes (8—13).

More recently, a new class of coarse-grained harmonic
models known as elastic network models (ENM) (14) has
been developed that includes Gaussian network models
(GNM) (15), anisotropic network models (16-18), and
a combination of the two (19). In these models, the interac-
tions between amino acids that lie within a given cutoff
distance, r., are modeled as Hookean springs. The resulting
eigenmodes yield a description of the protein fluctuations in
terms of collective motions. These models have been tested
against experimental protein B-factors as benchmarks,
typically yielding at least qualitative agreement with experi-
ment. ENM also provides directional information about
internal motions (20,21). An ENM-based model that
achieves the best B-factor prediction so far is the chemical
network model (CNM) (22), which employs the closest
distance between two residues, rather than their C,-C,
distance, as well as different spring constants between
bonded and nonbonded residue pairs. For a set of 98 high-
resolution protein structures, an average Pearson correlation
coefficient between predicted and experimental B-factors of
0.75 was obtained. Reorientational generalizations of ENM,
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which are the reorientational contact-weighted ENM (23)
and the network of coupled rotators (24), were successfully
used for the reproduction of NMR spin-relaxation-derived
N-H order parameters.

In all these models, calculation of motional amplitudes
involves inversion of a Kirchhoff or Hessian matrix, which
makes them computationally expensive when the number
of residues is large. Due to their coarse-grained nature, the
calculation of B-factors of atoms other than C, atoms,
including functionally important side-chain atoms, is not
readily possible.

It has long been recognized that B-factors not only report
on intramolecular motions but are also sensitive to the
presence of rigid-body motions (25). A model termed trans-
lation, librations, and screw (TLS), proposed recently (26),
uses 10 fitting parameters for each protein and produces
a relatively high average correlation coefficient with respect
to experimental B-factors (>0.8).

Halle (27) introduced a fundamentally different interpreta-
tion of crystallographic B-factors, the local density model
(LDM), which relates the B-factors to local atom density.
It assumes that each atom moves in a quadratic potential of
mean force (PMF) generated by the neighboring atoms fixed
at their equilibrium positions. All neighboring atoms that lie
within a cutoff distance of ~7.35 A of a given atom
contribute equally to the effective force constant of this
atom. Thus, the atom with the largest neighbor-atom density
will have the lowest B-factor.

NMR S? order parameters (28) describe the reorientational
restrictions of bond vector fluctuations and thereby can be
viewed as the reorientational counterpart to B-factors (29).
It has been empirically demonstrated that backbone N-H
1-S? values are closely related to a contact sum that consists
of terms with an exponential distance dependence between
the surrounding atoms and the amide proton itself and
carbonyl oxygen of the preceding amino acid (30). S?
order parameters of side-chain methyl groups can be
modeled similarly well by an extended local contact model
(LCM) (23).

Here, we develop a model that combines features of the
LDM and LCM for the prediction of B-factors for all atoms
and analyzes a 400-ns MD trajectory of ubiquitin to test basic
assumptions that go into this model. We then apply the
model to a set of 98 crystal structures used previously (22)
and compare the results with different models.

THEORY AND METHODS
PDB set

All B-factor prediction calculations were applied to a set of 98 highest-
resolution x-ray crystal structures previously used by Kondrashov et al.
(22). This is a nonredundant set of protein structures that represents all major
SCOP families. All of its members have at least 50 residues in a single chain
with resolution <1 A. For protein systems with more than one asymmetric
unit, only the experimental B-factors from the first unit were used. For the
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back-calculation, the unit cell was surrounded by 26 nearest-neighbor cells
to include crystal contact contributions between asymmetric units inside the
unit cell and between different unit cells. The B-factors calculated in this
way were then averaged over the asymmetric units for comparison with
experiment. Only one side-chain conformation per amino acid was used.
Local contacts between proteins and cofactors and ligands were included,
whereas all contacts with water molecules were discarded.

MD trajectory

A 400-ns MD trajectory of ubiquitin in explicit SPC/E water at 300 K was
performed using the AMBERY package (31) with the AMBER99SB force
field (32), as described previously (33). A total of 400,000 snapshots at
a time increment of 1 ps are used to calculate a PMF(r;j) between C, atoms
of amino acids 1 and 70 and all heavy atoms, where rj; is the distance
between the two atoms. An effective force constant between C, atoms
and all other heavy atoms was determined from the variance 01.2]. of ry, calcu-
lated over the trajectory according to

fi = keT/o?, ()

where kg is the Boltzmann constant.

Local contact model for crystallographic B-factor
prediction

The PMF of atom i at equilibrium position r;, defined with respect to the
center of mass, is assumed to take the quadratic form

S fi(ri — I'i,o)27 )

where r; denotes the position of the atom i. The force constant, f;, is deter-
mined from the interactions with all surrounding atoms j according to

fi=> fi 3)

where J#i
fi=a exp( — I‘,j/l‘o) + b. )
The isotropic crystallographic B-factor of atom i is then determined by
87T2 ) ) 5 ) 8772/(BT
B, = T(Ui’x + o0, + 01.’:) = 8mo; = T, (®))
1

where kg is Boltzmann’s constant and T is the absolute temperature. Hence,
this model for the prediction of B-factors contains the three global parame-
ters 1o, a, and b. As it turns out, b has only a modest effect on the results and
can therefore be neglected, and « is an overall scaling factor, which does not
affect the correlation coefficients between calculated and experimental
B-factors. This leaves the interaction distance r, as the only essential
parameter in this local contact model for the prediction of crystallographic
B-factors (LCMB). It is sufficient to calculate the force constant between
atom pairs within a certain cutoff. We use a cutoff of 15 A in this work,
as the effect of cutoff turns out to be negligible as long as it is >10 A. To
speed up the computation of the pairwise atomic distances, a classical cell
subdivision algorithm (34) is employed, which renders the computational
cost proportional to the number of protein atoms.

End effects

In proteins for which the N- and C-termini of proteins are not part of an
a-helix or @-strand structure, the termini often exhibit fraying effects,
manifested in an increase of their B-factors. This effect is included here
by multiplying the calculated B-factors of the first and last residues by
a factor of 1.5, the second and second-to-last by a factor of 1.4, and the third
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FIGURE 1 Force constants, f;;, as a function of distance, r;;, between all
pairs of C, atoms derived from a 400-ns MD trajectory of ubiquitin. The
black dots are extracted directly from the MD simulation, whereas the
vertical bars are averages over 2-A distance intervals. The solid line is
a least-squares fit given by the exponential function of Eq. 12.

and third-to-last by a factor of 1.3, respectively. The LCMB with the termini
treated in this way is termed the eLCMB.

GNM

The Gaussian network model was implemented in its standard form (15),
where the variation Ar;; of an atom pair distance r;; = | r; — r; | is assumed
to obey a Gaussian distribution

W (Ary) = (7/77)3/2exp< - yAré). (6)

Here, v is the force constant of the Hookean potential. In this model, the
elements of the Kirchhoff matrix are given by

—v i#Fjandr; <r,

ry = 0 i#jandr; >r. 7 %)
-2 Iy i=j
j#i

where .. is the cutoff distance that defines the interaction range. The mean-
square fluctuations of the atoms are readily evaluated using

keT | &L ksT
B, = 8m—— rlaql| =87 —[r ', ®)
v ; k k i} v [ ]11

i

where A, is the eigenvalue of I" to eigenmode q;.

TLS model

The translation, libration, and screw (TLS) model was implemented as
described recently (26). In this model, r; is given by

r, =c+ w X (r;0—cp). 9)
Here, ¢ is an arbitrarily chosen reference point, and ¢ derives from ¢, by
translational motion. It follows for the B-factor that
82
3

The total number of fitting parameters is 10, which can be determined by
singular value decomposition. For ~10% of the proteins, this leads to

Bi = “o((r;* 1) — Ty * Tyo)- (10)
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unphysical fitting results (i.e., a rotation tensor that is not positive (26)),
and hence these proteins were not included in subsequent statistical analyses.

A simplified version of the TLS model is obtained when translational and
screw motions are removed and only isotropic rotation is allowed about the
center of mass, which leads to the following distance dependence of the
B-factors:

B, = a|rol’. (11)

Rotational amplitude, a, is the only fitting parameter of this rotation-only
model (ROM).

RESULTS
MD results

The 400-ns MD trajectory of ubiquitin was analyzed in terms
of the fluctuation amplitudes (variances (Tizl») of interatomic
distances between C, atoms and all heavy atoms, which
were converted into effective force constants f;; according
to Eq. 1. Fig. 1 shows f;; as a function of the average distance
r;. The verticoal bars represent averages over 2-A intervals
starting at 4 A, and the solid line is the fit to the vertical
bars using the exponential function

]7,;,-(1‘,7) = 393 x exp( —I’ij/l.9) + 0.3 (12)

(in units of kg-s~> or nN/nm, with r; expressed in A).
Although individual force constants can considerably
deviate from the average, especially for some of the smaller
distances (<8 A), the average force constants approximate
very well the relationship of Eq. 4 (C,-C, pairs with
a distance <4 A have force constants that are ~10 times
larger than the average force constant found for the 4- to
6-A interval and were not included in the fit).

To test the quality of this approximation, we calculated the
C,, B-factors from the above model using the force constants
extracted from the MD simulation (Fig. 1, dots), as well as
the force constant derived from the best exponential fit
(Eq. 12) and compared them with the B-factors directly
calculated from MD simulations. The Pearson correlation
coefficients, R, are 0.55 and 0.66, respectively, with the
main discrepancies found for residue 8 and both termini.
The corresponding Spearman correlation coefficients, which
are more robust with respect to outliers, are 0.87 and 0.80,
respectively. Hence, the MD simulation validates the basic
assumptions underlying the LCMB (Egs. 2-5). In the next
section, the LCMB is tested against experimental B-factors.

eLCMB backbone C, results

The eLCMB was next applied to the 98-protein set. When r
is set to 1.9 A, the average Pearson correlation coefficient
between predicted and experimental C, B-factors is 0.72.
The correlation can be further improved by optimizing r.
For ry = 3 A, an optimal average correlation coefficient of
R = 0.74 = 0.1 is found. When r is optimized for each
protein individually, its mean + SD is 1y = 3 £ 1.1 A.
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FIGURE 2 Effect of including crystal contacts on the LCMB model
performance for a set of 98 ultra-high resolution protein structures. The
Pearson correlation coefficients between predictions and experiment are
plotted along the x and y axes for C, B-factors without and with, respec-
tively, the inclusion of crystal contacts.

Also, inclusion of the offset of 0.3 in Eq. 12 has a minimal
effect and therefore will be neglected. The B-factor correc-
tion of the N- and C-terminal C,, triples has a more noticeable
effect: without this correction, the correlation is 0.72 for
ro = 3 A

Crystal packing interactions make a significant contribution
to the calculated B-factors (35). Without the inclusion of
crystal packing effects, the average correlation coefficient is
0.64. A comparison of the performance of LCMB with and
without crystal contact contributions for all 98 proteins is
given in Fig. 2. It shows that for 81 of the 98 proteins, the
prediction improves when crystal contacts are included. The
kind of improvement of the B-factor prediction brought about
by the inclusion of crystal contacts is exemplified for the 56-
kDa cholesterol oxidase (PDB code 1N4W). Fig. 3, b and c,
shows the predicted B-factors with and without crystal
contacts, respectively, together with the experimental B-
factors. The correlation coefficients are 0.84 (Fig. 3 b) and
0.72 (Fig. 3 c), respectively. The intermolecular interactions
between two asymmetric units within the unit cell are dis-
played in Fig. 3 a. The protein fragment colored in yellow
around residue 380 of the black unit makes extensive contacts
with the orange part around residue 35 of the gray unit.
These crystal contacts reduce the B-factors of the interacting
regions, as indicated in Fig. 3, b and c. Other crystal contacts
not shown in Fig. 3 a are presented in Fig. S1 in the Supporting
Material.

Due to its simplicity, the LCMB is applicable not only to
C, atoms, but also to any other atom in the protein. When the
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FIGURE 3 Illustration of the effect of crystal contacts on C, crystallographic
B-factors in the eLCMB for the 56-kDa protein cholesterol oxidase (1IN4W).
(a) Parts of two copies of the protein (black and gray) in the crystal, with the
segments that make extensive crystal contacts colored in yellow (around amino
acid 380) and orange (around amino acid 35), respectively. (b and ¢) Predicted
(red dots) and experimental (blue dots) B-factors, with (b) and without (c) the
inclusion of crystal contacts. The predicted values are uniformly scaled and
shifted to optimally superimpose on the experimental values.

LCMB is applied to all main-chain and all side-chain atoms
of the 98-protein set, an average correlation of 0.74 is
obtained in the absence of B-factor correction of the N- and
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FIGURE 4 Experimental (blue triangles) and predicted (red crosses)
B-factors of the side-chain atoms of the 56-kDa protein cholesterol oxidase
(IN4W) by eLCMB including the effects of crystal contacts for Cg (a), Cy
(b), and Coé (c) atoms, respectively.

C-terminal residues for o = 2 A. After B-factor adjustment of
the N- and C-terminal residues, R improves to 0.75. In Fig. 4,
predicted and experimental B factors of C3, Cvy, and Co side-
chain atoms are depicted, with correlation coefficients of
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0.80, 0.75, and 0.77, respectively. The inclusion of crystal
packing effects is critically important for all-atom B-factor
predictions: when crystal packing effects are not taken into
account, the average R drops to 0.65 for the protein set
used here.

A number of modifications of the eLCMB were made to
test whether its performance can be further improved. In
particular, contributions from atoms within the same amino
acid were treated separately, as were contributions from
atoms of residues that precede or succeed in sequence the
residue that contains the atom of interest. None of these
modifications yielded any further increase in the average
correlation coefficient.

DISCUSSION

Crystallographic B-factors of high-resolution crystal struc-
tures provide a wealth of experimental information at atomic
resolution about the motional disorder of proteins. This
explains why B-factors are frequently used to test motional
models of proteins.

A key issue is the distinction between overall motion and
intramolecular dynamics. The most general rigid-body
motional model is the TLS model (25), which interprets the
B-factors by combining overall anisotropic rotational, transla-
tional, and screw motions. It was recently combined with
a random-walk model for the three N- and C-terminal resi-
dues, and an overall correlation was found that was notably
high (26). For the protein set used in this work, the average
correlation coefficient is 0.8. It must be kept in mind,
however, that this model uses 10 fitting parameters compared
to one actual fitting parameter (namely the overall scaling
factor) for the LCMB. Although 10 is well below the number
of C, atoms of the proteins considered, residues with
increased B-factors tend to cluster into groups of consecutive
residues. These clusters are relatively localized in space, and
they typically do not vastly outnumber the fitting parameters
of the TLS model. To test the possibility of overfitting in the
TLS model, a plane with random orientation was laid for each
protein through the protein’s center of mass, and the TLS
model was fitted only to the atoms on one side of the plane.
The fitting parameters were then used to predict the B-factors
of the other protein half. The procedure was applied for 360
randomly chosen planes for each protein. An average correla-
tion coefficient of 0.5 is obtained for the back-calculated
B-factors. This strongly suggests that the TLS model is, to
a significant degree, susceptible to overfitting.

A simplified version of the TLS model with a single fitting
parameter is the rotation-only model (ROM) (Eq. 11), which
allows isotropic rotation about the protein’s center of mass
only (i.e., no translational and screw motion). For the protein
set used here, the ROM produces an average correlation
coefficient of 0.56. In ROM, the predicted B-factors increase
quadratically with the distance of the residue from the
protein center (Eq. 11). ROM captures some of this trend,
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FIGURE 5 Comparison of correlation coefficients obtained from the
CNM and eLCMB models for a 98-protein set. The two models have very
similar overall performance, but distinct performance for individual proteins.

presumably because protein regions that exhibit increased
experimental B-factors are often close to the protein surface.
On the other hand, the TLS and ROM models explain neither
the effect of local crystal packing on B-factors nor the some-
times sizeable differences between B-factors of atoms
belonging to the same residue. This suggests that intramolec-
ular disorder and dynamics are the dominant contributors to
the B-factors for most systems. This conclusion is consistent
with a MD study of staphylococcal nuclease in a crystalline
environment, which found that ~70% of the B-factor contri-
butions are due to internal motion (36).

In the original LDM work (27), an improved agreement
with experiment was found when crystal contacts were
included. When applied to a set of 972 proteins, an average
correlation coefficient of 0.51 was reported for the LDM, and
this improves to 0.61 when 1/r-distance weighting is used
(37). When the LDM is applied to the 98-protein set used
in this work, the average correlation coefficient is 0.62
without and 0.68 with the inclusion of crystal contacts.

The LCMB introduced here combines features of LDM
with the contact model (30). The latter was developed for
the prediction of NMR order parameters and it also uses
a contact sum with terms that follow the exponential-distance
weighting of Eq. 4. The LDM and LCMB both represent
mean-field approaches of protein dynamics, since they
predict motions on a site-by-site basis with the other protein
atoms fixed at their average positions. Therefore, these
models neither invoke nor predict collective motions among
protein atoms. The inclusion of fraying effects at the protein
termini in the eLCMB model is an exception.
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By contrast, elastic network models naturally provide
a collective description of protein dynamics in terms of
a superposition of motion along orthogonal normal modes.
The B-factor prediction by the GNM produces, for the
present protein set, a correlation of R = 0.59. The inclusion
of crystal packing effects positively affects the GNM perfor-
mance. For example, when crystal packing effects are
combined with the chemical network model (22), R = 0.75
is obtained. Fig. 5 compares the CNM correlation coeffi-
cients (22) with the corresponding correlation coefficients
of the eLCMB. The two models have virtually identical
overall performance, although the performance can differ
significantly for individual proteins.

In the mean-field approximation underlying the LCMB,
the distance dependence of the pairwise atomic interaction
strength is derived from an all-atom MD simulation. We
calculated the corresponding PMFs of the C, atoms from
the GNM model of ubiquitin with a 7.5-A cutoff. For this
purpose, we generated a canonical ensemble with 100,000
snapshots according to the quadratic energy function defined
by the GNM model (Eq. 6) and calculated the pairwise
distance-dependent force constant in analogy to the treat-
ment of the MD trajectory (see Fig. S2), which yields
a distance dependence for the force constants of

Fi(ry) = 7.3 x exp(—ry/9.7) + 2.1 (13)

(in units of kg-s_2 or nN/nm, with r;; expressed in A). Asis
the case with the MD-derived relationship (Eq. 12), Eq. 13
shows an exponential distance dependence. It differs from
the MD-derived relationship, however, in terms of both the
size of the offset, which is quite large, and the decay constant
in the exponent, which favors contributions from atoms that
are farther away. It is important to note that the GNM under-
estimates the force constant between sequential C, atoms by
~10-fold. This explains the better performance of the CNM,
which employs a 10-fold-increased force constant between
neighboring residues and thereby substantially improves
the correlation with experiment (22).

Besides the correlation coefficient, the variability of the
overall scaling factors of the predicted versus experimental
B-factors is another measure of the quality of the model.
For a given protein, the overall scaling factor, s, is obtained
by minimizing the mean-square difference D, (8 X Bpe; —
Bexp,i)z, where the sum is over all C, atoms. One might
expect that for a given dynamics model the overall scaling
factors, s, are similar for different proteins. To test this, we
selected the proteins from the list whose x-ray diffraction
data were collected at the same temperature, namely at
100 K. As shown in Fig. S3, for eLCMB, there is no clear
correlation between the scaling factor, s, and protein size.
The standard deviation of the scaling factors for the eLCMB
is 30%, whereas it is 40% for the GNM. On the other hand,
the overall scaling factor of the ROM shows a clear depen-
dence on protein size, with smaller proteins having larger
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scaling factors, suggesting that in a crystalline environment,
smaller proteins have larger rigid-body rotational amplitudes
on average. Combining ROM with eLCMB by treating
ROM (Eq. 11) as an additive term to Eq. 5 yields an opti-
mized R value of 0.751, which slightly improves the correla-
tion obtained by the eLCMB alone. When considering all
atoms, on the other hand, the combination of ROM with
eLCMB does not improve the correlation.

The eLCMB is computationally efficient. In its simplest
implementation, its computational cost scales with O(Nz),
where N is the number of protein atoms. For larger proteins,
the use of cell subdivision with appropriate cutoffs permits
computational scaling by O(N). By contrast, the ENM
models involve the inversion of a Kirchhoff or Hessian
matrix of dimension M or 3M, which scales with 0(M3),
where M is the number of amino acids. For the 54-kDa
protein cholesterol oxidase (1N4W), the eLCMB calculation
with crystal contacts included takes on a 2.4 GHz opteron
AMD processor <1 s.

A second advantage of the eLCMB is its applicability to
all atoms of a protein, including all side-chain atoms. Protein
side-chain atoms play a prominent role in protein function by
their involvement in protein-protein and protein-ligand
interactions. Therefore, rapid assessment of the atomic
mobility of these entities and their changes upon complex
formation is a useful complement to structural investigations.

This study demonstrates that, based on B-factors alone, it
is difficult to judge whether ENM-type or LDM/LCMB-type
models are physically more meaningful. The fact that
a mean-field approximation, such as the local contact model,
reproduces B-factors on a par with the CNM, which is now
considered the most accurate ENM model, suggests that
collective motions are not essential for the interpretation of
B-factors at the level of accuracy achievable at the present
time. Mean-field models represent an attractive alternative
to collective motional models. This finding is consistent
with recent results obtained with the reorientational
contact-weighted ENM for the prediction of protein back-
bone order parameters (23). This model provides an
improvement over the local contact model mainly for protein
regions that undergo significant fraying effects. Similar to
the modeling of the chain termini applied here, these can
be treated without invoking a full ENM approach.

CONCLUSION

The extended local contact model is a mean-field approach to
protein dynamics whose average pairwise atomic distance
PMF is consistent with MD results. This model shows
good agreement between predicted and experimental
B-factors, comparable to that of a refined GNM model.
The inclusion of crystal-contact effects is essential for ob-
taining accurate prediction in both types of models. This
may have important implications also for the interpretation
of dynamics data of protein crystals obtained by other
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methods, such as solid state NMR. Its computational effi-
ciency makes the eLCMB model applicable to backbone
and side-chain atoms of small and large proteins alike.

SUPPORTING MATERIAL

Three figures are available at
supplemental/S0006-3495(09)00473-1.

http://www.biophysj.org/biophysj/

We thank Scott A. Showalter for providing the MD trajectory.

This work was supported by the National Science Foundation (grant
0621482).

REFERENCES

1. Berman, H. M., J. Westbrook, Z. Feng, G. Gilliland, T. N. Bhat, et al.
2000. The Protein Data Bank. Nucleic Acids Res. 28:235-242.

2. Jarymowycz, V. A., and M. J. Stone. 2006. Fast time scale dynamics of
protein backbones: NMR relaxation methods, applications, and
functional consequences. Chem. Rev. 106:1624-1671.

3. Briischweiler, R. 2003. New approaches to the dynamic interpretation
and prediction of NMR relaxation data from proteins. Curr. Opin.
Struct. Biol. 13:175-183.

4. Tgumenova, T. I., K. K. Frederick, and A. J. Wand. 2006. Characteriza-
tion of the fast dynamics of protein amino acid side chains using NMR
relaxation in solution. Chem. Rev. 106:1672—-1699.

5. Willis, B. T. M., and A. W. Pryor. 1975. Thermal Vibrations in Crystal-
lography. Cambridge University Press, London.

6. Karplus, M., and J. Kuriyan. 2005. Molecular dynamics and protein
function. Proc. Natl. Acad. Sci. USA. 102:6679-6685.

7. Yang, W., H. Nymeyer, H. X. Zhou, B. Berg, and R. Briischweiler.
2008. Quantitative computer simulations of biomolecules: a snapshot.
J. Comput. Chem. 29:668-672.

8. Brooks, B., and M. Karplus. 1983. Harmonic dynamics of proteins:
normal modes and fluctuations in bovine pancreatic trypsin inhibitor.
Proc. Natl. Acad. Sci. USA. 80:6571-6575.

9. Noguti, T., and N. Go. 1983. Dynamics of native globular-proteins in
terms of dihedral angles. J. Phys. Soc. Jpn. 52:3283-3288.

10. Levitt, M., C. Sander, and P. S. Stern. 1985. Protein normal-mode
dynamics: trypsin inhibitor, crambin, ribonuclease and lysozyme.
J. Mol. Biol. 181:423-447.

11. Briischweiler, R. 1992. Normal modes and NMR order parameters in
proteins. J. Am. Chem. Soc. 114:5341-5344.

12. Case, D. A. 1994. Normal-mode analysis of protein dynamics.
Curr. Opin. Struct. Biol. 4:285-290.

13. Briischweiler, R. 1995. Collective protein dynamics and nuclear-spin
relaxation. J. Chem. Phys. 102:3396-3403.

14. Tirion, M. M. 1996. Large amplitude elastic motions in proteins from
a single-parameter, atomic analysis. Phys. Rev. Lett. 77:1905-1908.

15. Bahar, 1., A. R. Atilgan, and B. Erman. 1997. Direct evaluation of
thermal fluctuations in proteins using a single-parameter harmonic
potential. Fold. Des. 2:173—181.

16. Atilgan, A. R., S. R. Durell, R. L. Jernigan, M. C. Demirel, O. Keskin,
et al. 2001. Anisotropy of fluctuation dynamics of proteins with an
elastic network model. Biophys. J. 80:505-515.

17. Hinsen, K. 1998. Analysis of domain motions by approximate normal
mode calculations. Proteins. 33:417-429.

18. Lu, M. Y., B. Poon, and J. P. Ma. 2006. A new method for coarse-
grained elastic normal-mode analysis. J. Chem. Theory Comput.
2:464-471.

19. Zheng, W. 2008. A unification of the elastic network model and the
Gaussian network model for optimal description of protein conforma-
tional motions and fluctuations. Biophys. J. 94:3853-3857.


http://www.biophysj.org/biophysj/supplemental/S0006-3495(09)00473-1
http://www.biophysj.org/biophysj/supplemental/S0006-3495(09)00473-1

Local Contact Model for B-Factors

20.

21.

22.

23.

24.

25.

26.

27.

28.

Petrone, P., and V. S. Pande. 2006. Can conformational change be
described by only a few normal modes? Biophys. J. 90:1583-1593.
Kondrashov, D. A., A. W. Van Wynsberghe, R. M. Bannen, Q. Cui, and
G. N. Phillips. 2007. Protein structural variation in computational
models and crystallographic data. Structure. 15:169-177.
Kondrashov, D. A., Q. Cui, and G. N. Phillips, Jr. 2006. Optimization
and evaluation of a coarse-grained model of protein motion using x-ray
crystal data. Biophys. J. 91:2760-2767.

Ming, D. M., and R. Briischweiler. 2006. Reorientational contact-
weighted elastic network model for the prediction of protein dynamics:
comparison with NMR relaxation. Biophys. J. 90:3382-3388.
Abergel, D., and G. Bodenhausen. 2005. Predicting internal protein
dynamics from structures using coupled networks of hindered rotators.
J. Chem. Phys. 123:204901.

Kuriyan, J., and W. I. Weis. 1991. Rigid protein motion as a model for
crystallographic temperature factors. Proc. Natl. Acad. Sci. USA.
88:2773-2777.

Soheilifard, R., D. E. Makarov, and G. J. Rodin. 2008. Critical
evaluation of simple network models of protein dynamics and their
comparison with crystallographic B-factors. Phys. Biol. 5:26008.
Halle, B. 2002. Flexibility and packing in proteins. Proc. Natl. Acad.
Sci. USA. 99:1274-1279.

Lipari, G., and A. Szabo. 1982. Model-free approach to the interpreta-
tion of nuclear magnetic-resonance relaxation in macromolecules.
1. Theory and range of validity. J. Am. Chem. Soc. 104:4546-4559.

29.

30.

31.

32.

33.

35.

36.

37.

3081

Briischweiler, R., and P. E. Wright. 1994. NMR order parameters of
biomolecules: a new analytical representation and application to the
Gaussian axial fluctuation model. J. Am. Chem. Soc. 116:8426-8427.

Zhang, F., and R. Briischweiler. 2002. Contact model for the prediction
of NMR N-H order parameters in globular proteins. J. Am. Chem. Soc.
124:12654-12655.

Case, D. A., T. E. Cheatham, 3rd, T. Darden, H. Gohlke, R. Luo, et al.
2005. The Amber biomolecular simulation programs. J. Comput. Chem.
26:1668-1688.

Hornak, V., R. Abel, A. Okur, B. Strockbine, A. Roitberg, et al. 2006.
Comparison of multiple Amber force fields and development of
improved protein backbone parameters. Proteins. 65:712-725.

Showalter, S. A., and R. Briischweiler. 2007. Validation of molecular
dynamics simulations of biomolecules using NMR spin relaxation as
benchmarks: application to the AMBER99SB force field. J. Chem.
Theory Comput. 3:961-975.

. Rapaport, D. C. 2004. The Art of Molecular Dynamics Simulation.

Cambridge University Press, Cambridge, UK.

Kundu, S., J. S. Melton, D. C. Sorensen, and G. N. Phillips, Jr. 2002.
Dynamics of proteins in crystals: comparison of experiment with simple
models. Biophys. J. 83:723-732.

Meinhold, L., and J. C. Smith. 2005. Fluctuations and correlations in
crystalline protein dynamics: a simulation analysis of staphylococcal
nuclease. Biophys. J. 88:2554-2563.

Lin, C. P., S. W. Huang, Y. L. Lai, S. C. Yen, C. H. Shih, et al. 2008.
Deriving protein dynamical properties from weighted protein contact
number. Proteins. 72:929-935.

Biophysical Journal 96(8) 3074—3081



	All-Atom Contact Model for Understanding Protein Dynamics from Crystallographic B-Factors
	Introduction
	Theory and Methods
	PDB set
	MD trajectory
	Local contact model for crystallographic B-factor prediction
	End effects
	GNM
	TLS model

	Results
	MD results
	eLCMB backbone Calpha results

	Discussion
	Conclusion
	Supporting Material
	References



