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ABSTRACT Crystals have been grown of the synthetic protein is essentially mobility of the protein in the regions of
of "sperm whale" myoglobin produced identical to the native sperm whale contact and thereby introduce differ-
in Escherichia coli from a synthetic protein. However, the crystallographic ences in mobilities between the two
gene and the structure has been solved B-factors for parts of the molecule are crystal forms. Discrepancies between
to 1.9 A resolution. Because of a quite different in the two crystal forms, mobilities calculated from molecular
remaining initiator methionine, this pro- and provide a measure of the effect of dynamics simulations and crystallogra-
tein crystallizes in a different space different packing constraints on the phy can be reduced by considering the
group from native sperm whale myo- flexibility of the protein. The effect of data from both crystal forms.
globin. The three-dimensional structure the packing forces is to reduce the

INTRODUCTION

That the average structure of proteins in crystals and in
solution are essentially the same has been well established
(see references 1, 2). However, data on whether the
dynamics of the protein in the crystal and in solution are

the same has been more difficult to obtain. X-Ray
crystallography can provide estimates of the mean square

deviation from the average position of each atom, but
cannot provide time constants or information about the
coupling of motions of different parts of the molecule.
X-Ray diffuse scattering (3, 4), nuclear magnetic reso-

nance (5, 6), and inelastic neutron (7, 8) and gamma-ray

scattering (9) will be useful experimental tools in this
regard, but their applications to proteins have yet been
fully developed. Another approach is to simulate the
dynamics of proteins with computer models (see reference
10). This theoretical tool can be used to make specific
predictions about the behavior of proteins, including
details of their conformation and dynamic behavior. A
major challenge has been to relate these predictions to
experimentally measurable quantities.
X-Ray crystallography is being used to provide experi-

mental data not only for protein structure but also
dynamics (see reference 11). But whether crystal packing
forces can significantly affect the dynamics of the protein
has not been well established. Artymiuk et al. (12) have
argued that except in very restricted regions, the crystal
packing of lysozyme in two different space groups has not
affected the crystallographic B-factors and hence the
protein dynamics. On the other hand, Sheriff et al. (13)
have noted different atomic mobilities for similar hemery-
thrins under different packing constraints. The structure
of sperm whale myoglobin has now been solved in two
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space groups, P21 (14) and P6 (15) and a comparison of
the atomic mobilities of this protein in the two crystal
forms provides additional information on the effect of
crystal packing on protein dynamics.

MATERIALS AND METHODS

Data for the P6 form of metmyoglobin were collected at 2950 K and the
structure was solved using molecular replacement as described else-
where (15). Rigid body refinement and molecular dynamics refinement
of the structure were done with the program XPLOR (16). Final
refinement was done with program PROFFT (17) with electron density
maps and difference maps calculated with program PROTEIN (18).
Molecular graphics were generated with PSFRODO (19). Temperature
factor data for the P2, form of metmyoglobin at 3000 K were taken from
Hartmann et al. (20).

RESULTS AND DISCUSSION

Metmyoglobin from a synthetic gene (21) has been
crystallized in space group P6 and the structure has been
solved and refined at 1.9 A resolution. The crystallo-
graphic R-factor is 14.8% with appropriate stereochemi-
cal constraints (15). The packing of the myoglobin mole-
cules in the P6 unit cell is necessarily different from the
P21 form. In the new crystal form the molecules are
packed rather tightly around the threefold crystallograp-
hic axes, but large solvent channels exist along the sixfold
axes and smaller solvent channels near the twofold axes.
Despite the much looser packing of molecules in space
group P6 (62% solvent vs. 37% for the P21 form), the
conformations of the protein backbones in the two forms
are virtually identical, confirming that crystal packing
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forces have had minimal effect on the average structure of
the protein.

There are, however, differences in the mobilities of
certain regions of the molecule as a result of the different
lattice contacts in the crystal. These differences are seen
in the crystallographic B-factors (Fig. 1). In the P21
crystal form, the A-helix (residues 18-22) and the EF
corner (residues 118-125) of the molecule are relatively
more mobile and the C-helix CD corner D-helix loop
(residues 35-55) is much more rigid than in the P6 form.
These effects on the flexibility of the molecule can be
related to the packing contacts in each of the lattices (Fig.
1). In comparing the areas where the mobilities differ,
tight crystal packing is associated with lower B-factors
and hence less flexibility. This result contrasts with a
similar analysis of lysozyme, where a comparison of the
structure in orthorhombic and tetragonal space groups
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FIGURE I Comparison of the fluctuations of myoglobin backbone
atoms from two different crystal structures and a molecular dynamics
simulation. The ordinate, ((Ar)2), is the mean square unidirectional
displacement (B/8*n2: averaged over the C., N, and C atoms for the
crystallographic data and 1/3 [((x)'2 + (Ay)2 + (AZ) 2)J averaged
over the same atoms in spans of 25 ps for the dynamics simulation).
B-factor data for the P21 form are from the 300° K curve of Hartmann
et al. (18) and data for the P6 form from the structure reported by
Phillips et al. (submitted for publication). The molecular dynamics data
are from a vacuum simulation by Levy et al. (20). The best agreement
between theory and experiment comes from taking the maximum
atomic mobility observed in either crystal space group to produce an
"unconstrained" profile (labeled as "Maximum"). Crystal packing
contacts are shown below the P6 and P21 fluctuation curves. Contacts
were determined by calculating distances between all atoms of the
residues on the abscissa and any atom in any neighboring symmetry-
related molecule. Contacts for the P2, form were calculated from the
highly refined coordinate data of Johnson et al. (26). The contacts are
also plotted as contact distance vs. residue number for both crystal
forms. The scale for the crystal contacts goes from 4.0 A down to 2.5 A
in increments of 0.5 A. The upper limit on the distance considered to be
a contact was 4 A.

revealed minor differences in B-factors (12). Although
some features of the curves remain unchanged, our results
indicate that lattice packing constraints can indeed
influence the dynamic behavior of proteins.

Results from molecular dynamics simulations can be
compared with this new picture of myoglobin dynamics
derived from x-ray crystallography. In their 300 ps simu-
lation of myoglobin, Levy et al. (22) noted the discrep-
ancy between the calculated extent of mean square fluc-
tuations and the experimental mobilities. Part of this
discrepancy can be accounted for by the demonstrated
underestimation of crystallographic B-factors for highly
mobile parts of the protein (23). But these authors also
noted a large unexplained discrepancy between observed
and calculated displacements for the part of the protein
including residues 40-60, which includes part of the
C-helix, the CD corner, and the D-helix. The discrepan-
cies between observed and calculated mobilities can now
also be explained in terms of constraints brought about by
packing forces. There is a strong correspondence between
regions of reduced mobility and crystal contacts (Fig. 1).
In the region comprising residues 40-60 there are exten-
sive contacts and less mobility in the P21 form. Converse-
ly, in the region 110-130 there are more contacts and less
mobility in the P6 form. There still appears to be a weak
underlying trend which is insensitive to the packing
constraints, but the actual mean square fluctuations can
be affected by a multiplicative factor of two to three.
A "hybrid" experimental mobility curve has been

generated by scaling the B-factor data from the two
crystal forms and taking the maximum of the two values
at each amino acid position. This curve could be consid-
ered to be more free of packing constraints than either of
the individual curves, and, indeed, matches the block-
averaged mean square fluctuations of Levy et al. better
than either of the crystallographically determined curves
(Fig. 1). The coefficients of correlation have been calcu-
lated to quantitatively compare the curves with a value of
1.0 indicating perfect correlation and 0.0 indicating no
correlation. The coefficient between the P21 crystal data
and the dynamics curve is 0.47, between the P6 crystal
data and the dynamics curve is 0.46, and between the
"maximum" function and the dynamics curve is 0.57.
Thus, the "maximum" function fits the molecular
dynamics data significantly better than either set of
crystal data. Furthermore, these results provide evidence
that molecular dynamics calculations were correct in
predicting high mobility for residues 40-60, even though
these residues were relatively immobile in the P21 crystal
form.
The fact that the mobilities of the CD-loop region are

higher over an even wider range of residues than the
molecular dynamics simulation predicts may be because
of the limited time duration of the simulation. There may
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be large scale motions of this loop that take longer than
300 ps to develop. Additional evidence for large scale
fluctuations in this region come from the crystallographic
studies of myoglobin as a function of temperature (24).
The CD corner was observed to undergo a more dramatic
compaction than the rest of the molecule as the tempera-
ture was lowered, implying that this region is more loosely
packed at higher temperatures. Large scale movements of
this loop may in fact play a role in ligand binding
(25-27).

Thus, for myoglobin, there is a significant effect of the
crystal packing constraints on the mobility of the protein.
The effect can be large and spread over 10-20 amino acid
residues. The observation that the packing causes signifi-
cant reductions but not increases in mobilities further
supports the notion that large-scale protein motions are
heavily damped and largely diffusive, rather than har-
monic (4). This result also suggests that direct compari-
sons of simulated dynamics of individual protein mole-
cules with molecules in the crystal may not always be
valid.
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