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ABSTRACT X-ray crystallography can reveal the magnitudes and principal directions of
the mean-square displacements of every atom in a protein. This structural information is
complementary to the temporal information obtainable by spectroscopic techniques such as
nuclear magnetic resonance. Determination of the temperature dependence of the mean-
square displacements makes it possible to separate large conformational motions from simple
thermal vibrations. The contribution of crystal lattice disorder to the overall apparent
displacement can be estimated by Mdssbauer spectroscopy. This technique has been applied to
high resolution x-ray diffraction data from sperm whale myoglobin in its Met iron and oxy
cobalt forms. Both crystal structures display regions of large conformational motions,
particularly at the chain termini and in the region of the proximal histidine. Overall, the
mean-square displacement increases with increasing distance from the center of gravity of the
molecule. Some regions of the heme pocket in oxy cobalt myoglobin are more rigid than the
corresponding regions in Met myoglobin.

INTRODUCTION

Proteins as Flexible Molecules

The most common picture of the structure of protein molecules appears in x-ray diffraction
papers. The picture is computer-generated; chemical bonds are represented by straight lines
and atomic positions by circles or the intersection of line segments. An example, one view of
myoglobin, is shown in Fig. 1. Such illustrations, though necessary to show the path of chain
folding, create the impression that proteins are rigid, open molecules. Computer-controlled
raster displays generate pictures of proteins in which each atom is represented by a sphere of
the appropriate van der Waals radius, centered at the position determined from x-ray
diffraction. This construction is far more convenient than actual space-filling molecular
models, which are quite susceptible to denaturation. An example of a computer-generated
picture is shown in Fig. 2; this view of the small heme-containing protein myoglobin
demonstrates that the structure is very tightly packed, with the atoms in the interior of the
molecule not visible from the outside. Space-filling computer graphics representations of
protein crystal structures have been pioneered by Feldmann and Porter (e.g., Feldmann,
1976), who have vividly illustrated the principle that close atomic contacts are a general
feature of macromolecular architecture.

Although the tight atomic packing in proteins would seem to demand great rigidity in
tertiary structure, a number of observations imply considerable flexibility. Hydrogen
exchange studies indicate that nearly all the internal exchangeable protons in native proteins
can be substituted, albeit slowly, requiring that solvent molecules gain access to protons in the
center of the molecule (Englander et al., 1972; Woodward, 1979). At a minimum, this fact
demands transient opening of channels ~4A in diameter in the tightly packed structure. The
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Figure 1 Computer-generated drawing of sperm whale Met myoglobin showing all nonhydrogen atoms.
Every covalent bond is represented by a line segment. The heme is horizontal and slightly to the right of
the center of the figure.

penetration of solvent into the interior of proteins has also been detected by the quenching of
the fluorescence of buried side-chains by solvent (Eftink and Ghiron, 1975). Detailed
information about the motions of specific groups has come from nuclear magnetic resonance
studies of myoglobin, BPTI and hen egg white lysozyme in solution (Wittebort et. al., 1979;
Campbell et al, 1975; Wiithrich, 1976). These studies have shown that tyrosine and
phenylalanine side-chains flip by 180 degrees about their beta-gamma bonds. Flipping can
occur in the interior of molecules with close packing such as shown in Fig. 2 only if
neighboring atoms move out of the way. The chemical physics of this process has been
illuminated by the influential work of Karplus and his coworkers, who have carried out
molecular dynamics calculations on bovine pancreatic trypsin inhibitor (McCammon et al.,
1977; Karplus and McCammon, 1979). They find that the protein is able to wander over a
range of conformations which, though close to the x-ray structure, are not identical to it. The
root-mean-square fluctuation of all non hydrogen atoms in the 100ps simulation is 0.75 A.
The motions are often anharmonic and diffusive in nature with the dominant factor being
collisions with neighboring atoms. The backbone fluctuations are less than those for the
side-chains, and the average motion increases with increasing distance from the center of the
molecule.

Complementary clarification of the nature of protein flexibility is provided by the work of
Frauenfelder and colleagues on CO rebinding to myoglobin (Austin et al., 1975; Alberding et
al,, 1978). Low temperature flash photolysis revealed the existence of multiple barriers to
ligand binding and nonexponential kinetics that could not be explained in terms of a unique
protein structure. They proposed the existence of multiple conformational substates. Different
substates represent different local configurations of the same overall protein structure. All
substates perform the same biological function, but possibly with different rates. Transitions
from one substate to another require the surmounting of potential energy barriers. If these
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Figure 2 Computer-generated space-filling representation of sperm whale met myoglobin, in the same
orientation as Fig. 1. Each atom is represented by a sphere of appropriate van der Waals radius. The edge
of the heme is the red region in the right center. Each atom is colored according to its functional type:

positive charged, blue; negative charged, red; hydrophobic, grey; neutral, white.

AM 14.14.1
Front view, atom mobility colors

Sperm Whale Metmyoglobin

Figure 7 Computer-generated space-filling representation of Met iron myoglobin, in the same
orientation as in Figs. 1 and 2. Each atom is shaded according to the magnitude of its <x?>,. The darker

the atom, the smaller the displacement.




barriers are large the distribution of conformations is essentially a static one at ordinary
temperatures. This is equivalent to saying that the protein folds into many similar, but non
identical, conformations on synthesis. If the barriers are of the same order as the kinetic
energy available at ordinary temperatures the distribution is dynamic and any molecule can
move rapidly from one substate to another.

Dynamic Information from Crystallography

It has been felt that x-ray crystallography is a static technique which cannot provide
information about the flexibility of proteins. Although small molecule crystallography
routinely yields detailed thermal motion analyses as part of structure refinement, there has
been widespread belief that the quality of data available in a protein crystal structure
determination did not permit the assignment of meaningful thermal motion parameters to
each of the more than one thousand atoms in a typical protein. This belief was based mainly
on the fact that protein crystals typically showed much larger average mean-square displace-
ments, <x’>, than small molecule crystals. The loose packing in protein crystals produces a
static disorder in the crystal which could be responsible for the observed large <x*>. However,
neither efforts to grow better crystals nor observation at lower temperatures reduced the
mean-square displacements to values typical for small-molecule crystals. One possible
explanation for this failure is suggested by the flash photolysis experiments (Austin et al.,
1975) and the computer simulations (McCammon et al., 1977) mentioned earlier: if proteins
indeed exist in a large number of substates, a crystal will always be an ensemble of proteins in
different states. Neither improved crystal growth nor cooling will significantly lower <x?>;
the large displacements are a fact of nature and not a feature of the experiment (Frauenfelder
and Petsko, 1978). Meaningful information about protein dynamics can then be obtained
from crystallography if the mean-square displacements of all nonhydrogen atoms in a protein
are determined as a function of temperature and if an independent value for the lattice
disorder contribution can be found. Frauenfelder, Petsko, and Tsernoglou (1979) indeed
showed that x-ray diffraction data from myoglobin can permit the assignment of meaningful
atomic displacement parameters and yield strong evidence for conformational substates .
They determined <x*> for all 1261 nonhydrogen atoms in myoglobin at 220, 250, 275, and
300 K. To separate the contribution to <x”> from lattice disorder from those of simple
vibrations and conformational substates, they used Mossbauer data obtained by Parak and
collaborators (Parak and Formanek, 1971). Additional support for the existence of conforma-
tional substates comes from the work of Blake, Phillips and coworkers who showed that the
temperature factors assigned to the atoms of lysozyme by refinement of the crystal structure
at high resolution correlated in a sensible way with the various features of tertiary structure
(Sternberg et al., 1979; Artymiuk et al., 1979). They also demonstrated that the correlations
were the same for two different crystal forms of the enzyme, suggesting that lattice disorder

was not dominant. Jensen and colleagues have reached similar conclusions concerning
rubredoxin (Jensen, private communication).

METHODS

Data Collection and Analysis

Large single crystals of both Met iron and oxy cobalt sperm whale myoglobin were a generous gift of
Professor Takashi Yonetani of the University of Pennsylvania. In both cases the protein was prepared in
the desired oxidation state before crystallization, to avoid any question of the crystal lattice inhibiting a
necessary conformational change during ligandation. For most measurements the Met iron myoglobin
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crystals were maintained in contact with a mother liquor composed of 75% saturated ammonium sulfate,
0.1 M phosphate, pH 6.1. This solution will supercool to ~250 K under the conditions of data collection;
work below this temperature demands use of a cryoprotective mother liquor (Petsko, 1975). For protein
crystals grown from high salt solution the most generally useful mixture is 2-methyi-2,4-
pentanediol:water, and this mother liquor was used for myoglobin. A mixture of 70% pentanediol:30%
water, pH 6.1 with 0.02 M cacodylate buffer prevented crystal destruction at 220 K.

X-ray diffraction data were measured on Met myoglobin at 300 K, 275K, 250 K and 220 K and on
oxy cobalt myoglobin at 250 K on a Nicolet P2, automatic diffractometer (Nicolet Instrument Corp.,
Madison, Wisc.) equipped with a cold gas stream low temperature device. Measurements were made to
a resolution of 1.5A on the crystals, which were monoclinic, space group P2,, with unit cell dimensions a
= 64.3A,b = 30.8A, c = 34.8A, 8 = 105.85° for Met iron and a = 64.5A, b = 31.0A, c = 34.8A, 8 =
105.84° for oxy cobalt myoglobin (Petsko et al., 1978). To prevent radiation damage from interfering
with the accuracy of the measurements, two steps were taken. Data collection was performed very
rapidly, at a rate of 4,000 reflections/ day, using a limited w step scan to assure adequate precision
{Wyckoff et al., 1967), and data were taken at the highest temperature first to insure that an increase in
<x*> on going to 300 K was not simulated by radiation damage from earlier data collection.

The mother liquor for oxy cobalt myoglobin was 90% saturated ammonium sulfate, which permitted
measurements at 250 K. The oxy form is unstable in the x-ray beam at elevated temperatures, so only
one data set was collected. The optical absorption spectrum, taken after irradiation and subsequent
dissolution of the crystal, showed no significant oxidation to the Met form.

The solution of the oxy colbalt myoglobin crystal structure has been reported previously (Petsko et
al., 1978). The structure was refined by restrained least squares (Konnert, 1976) using all observed
reflections between 10 and 1.54A resolution. The current crystallographic R-factor is 0.19. Individual
isotropic “thermal motion parameters” were assigned to each atom by this refinement method, which
restrains atoms from wandering too far from positions that maintain ideal bond lengths and angles.

The Met iron structures were refined independently by the same procedure. All refinements were
terminated at an R of 0.18 to make the standard deviations of the thermal parameters comparable for
each structure. The behavior of the 220 K structure during refinement suggested that it was the poorest
quality data set and suffered most from changes in equilibrium atomic positions. This feature is
discussed by Frauenfelder et al. (1979).

Determination of Mean Square Displacements

Mean-square displacements were calculated for every atom in each structure from the individual
isotropic thermal parameters. The theory of this method will now be discussed in detail:

During refinement, the electron density of each atom is modeled by f; exp (— B sin’8/\?), where f; is
the atomic scattering factor of the atom at rest. The exponential term is used to fit the “smearing out” of
the electron density over that expected for a stationary atom of finite radius. Sin’#/A? is a vector in
reciprocal space, and B is the temperature (displacement) factor. B is related to the mean-square
displacement of the atom from its average position by the expression B = 8x° <x’>. The single isotropic
B value can be replaced by a tensor whose six parameters are related to the axial lengths and orientation
of an ellipsoid of displacement. Use of anisotropic displacement factors enables crystallographers to
analyze both the magnitude and the principal directions of atomic motion, but demands a larger amount
of data. In this study we have restricted ourselves to isotropic B values, but note that the full potential of
the crystallographic approach to protein dynamics will be achieved only when anisotropic displacement
parameters are used.

The mean-square displacement of atoms in a small, rigid molecule like benzene is due to thermal
vibration and overall molecular diffusion or tumbling. In a crystal the molecule as a whole is held rigid
and only vibration is important. Protein molecules are much larger and contain many single bonds
around which free rotation is possible. Further, although the forces along the polypeptide backbone are
strong, the interactions between different regions of the molecule that hold the secondary and tertiary
structures together are weak and can be deformed with the energies available at ordinary temperatures.
As a result, protein molecules contain atoms and groups of atoms that can undergo conformational
motions, namely transitions between substates. Examples of such motions are the rotation of a methyl
group, the flipping of tyrosine rings discussed earlier, and the bending of hydrogen bonds. This class of
fluctuations contributes to the mean-square displacement of many atoms in a protein in solution. The
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same movements can occur in a crystalline protein (the evidence is discussed below) because protein
crystals contain large regions of solvent which surround most of the molecular surface. Protein crystals
have few intermolecular contacts and so each molecule is in a nearly aqueous environment which
resembles a gel more than it does a crystal of sodium chloride.

The Problem of Lattice Disorder

X-ray diffraction is instantaneous in that the characteristic time for the scattering event is very short,
~107"%s, but the observed structure is still a double average. Interference between planes of atoms in the
crystal makes the calculated electron density an average over all asymmetric units in the crystal. The
diffraction pattern is also an averge over the time required to collect the data, on the order of a week for
a typical protein. The time average causes the effects of atomic motion to be seen in the spreading of the
electron density. The averaging over many molecules in the crystal contributes a problem that interferes
with the simple interpretation of individual isotropic B values as atomic motion. If the crystal packing is
not perfect, there will be a static lattice disorder that will add to the apparent mean-square
displacements. For example, if every protein molecule were in a slightly different position relative to the
origin of the unit cell, the crystal-averaged structure would show a spreading of the electron densities due
to this static lattice disorder. Lattice disorder can be translational and/or rotational. It may involve the
whole molecule, or be confined to discrete regions. Overall translational disorder would contribute
equally to the apparent mobility of every atom in the protein. Rotational lattice disorder would
contribute most to those atoms furthest away from the axis of rotation.
The total mean-square displacement of an atom in a protein crystal can now be written as:

<x2>,(,ray = <x2>v + <x2>c + <x2>,d,

where the subscripts v, ¢ and /d stand for vibrations, conformational fluctuations, and lattice disorder,
respectively. To arrive at values that are independent of crystal imperfection <x*>,, must be subtracted
out. We have devised a method for the subtraction that is based on the Mdssbauer effect in *’Fe. The
recoilless fraction is determined by the mean-square displacement, <X’> e Of the emitting or
absorbing nucleus. At temperatures above ~250 K, conformational transitions are faster than the
characteristic time of the *’Fe decay and the mean-square displacement is given by (Frauenfelder et al.,
1979):

<X Mossbauer = <X2>, + <XI>,,

Stationary disorder does not affect the recoilless fraction because each nucleus emits or absorbs
undependably. By determining the mean-square displacement for the same atom by both x-ray
diffraction and Mdssbauer effect, the lattice contribution consequently can be obtained by subtraction.
Using Parak’s values for <x*>ushuer at various temperatures (Parak and Formanek, 1971; Parak,
private communication), and our own values we find a mean value of <x’>,, of 0.045 + 0.006 A’

corresponding to B units of 3.55 A? out of an overall isotropic B value for Met iron myoglobin of ~11 A%
This estimate of the lattice disorder at the iron position was subtracted from the isotropic displacement
parameter of every atom at each of the four temperatures to yield <x*>, — <x*>, + <x*>, for all
nonhydrogen atoms. Assuming that the lattice disorder at the iron is identical to the disorder everywhere
in the molecule is equivalent to assuming that the disorder is purely translational. Indirect evidence
implies that this assumption is reasonable. The values of <x*>., that result are neither too negative nor
all large positive. A number of them are quite small, on the order of atomic vibrations in crystalline
solids. Further, there are widely differing values of <x’>,, for atoms on the surface of the protein,
ruling out a dominant rotational disorder. Finally, the correlation of <x*>, with structure, discussed
below, is so good that there is little possibility of a large lattice disorder swamping out the true
displacements.

No Méssbauer data are available for oxy cobalt myoglobin, so the lattice disorder had to be estimated
empirically. We used two methods: equating the <x”>, of the atoms in the internal, rigid center of the
heme group with those in Met iron myoglobin at the same temperature, and making about the same
number of near zero or negative values of <x’>, overall for oxy cobalt myoglobin and the Met iron
structure at the same temperature. Both methods suggested a larger lattice disorder for the oxy cobalt
structure, between S and 6 B units. This result also appears sensible from the physical behavior of the
oxy cobalt myoglobin crystals: they were more fragile than the Met iron protein crystals. As a

470 FLUCTUATIONS



conservative choice, a value of 5 was used, yielding <x?>,; — 0.063 AZ for oxy cobalt myoglobin. This
value was subtracted from the individual atomic <x*> values to give <x’>_, at 250 K.

Although oxy cobalt myoglobin was studied at only one temperature, the temperature dependence of
the <x?>_, values for the Met iron form was analyzed extensively. This analysis is discussed in detail in
our previous paper (Frauenfelder et al., 1979) and only some general conclusions will be mentioned
below.

RESULTS

Correlation of <x’>, with Structure

The mean-square displacements of the atoms in Met iron myoglobin are presented graphically
in Frauenfelder et al.(1979). Fig. 3 shows the data for the atom in each side-chain with the
largest displacement. Though the <x®>, values for the main chain atoms are, on the
average, smaller, they follow the same general trend. Displacements are greatest at the N
terminal and, particularly, the C terminal regions of the molecule, with the region around the
distal histidine, residue 64, being significantly more rigid. There are regions of high mobility
around residues 120 and 45. Myoglobin is composed largely of eight a-helical segments,
denoted 4 — H. Residue 120 is a proline which creates the external, non-helical bend between
the G and H helices, and residue 45 is an arginine which is in the middle of the eight residue
bend between the C and D helices. In general, regions where the chain bends between helices
are substantially more flexible than regions in the centers of helical segments.

The heme prosthetic group in myoglobin is bound in a pocket lined with hydrophobic
residues. Most of its close interatomic contacts are with amino acids in the middle of helix £
(residues 64—72) and the beginning of helix G (residues 99-104). Both the main chain and
side-chain atoms in this region show relatively small mobilities. The tightness of this heme
binding region is reflected in the mean-square displacements of the atoms in the heme itself.
The four pyrrole nitrogens have an average <x*>, of 0.044 A” at 300 K, a value typical of the
vibrations of atoms in crystalline porphyrine. The iron atom is slightly more flexible, with
<x*>,, = 0.063 A? at 300 K, but this value is very small compared with the mean-square
displacement of 0.33 A? for the B-carbon of the highly mobile c-terminal glutamine-152.
Indeed, a glance at Fig. 3 shows dozens of atoms with <x*>, > 0.2 A? , implying
root-mean-square displacements of almost half an Angstrom. In contrast, values of <x’>
found for atoms in small organic crystal structures are rarely outside the range 0.025 A? to
0.126 A? (Stout and Jensen, 1968). The magnitude of the motions involved is even more
striking when it is remembered tha these are average fluctuations. The harmonic model used
to fit the B values to the spread of electron density assumes that the probability of finding an
atom a distance x from its equilibrium position is Gaussian. Therefore, a mean-square
displacement of 0.3 A% implies that instantaneous displacements of 1.5-2 A occur with
reasonable probability.

There is a strong correlation between <x?>_, and position of an atom within the myoglobin
molecule. Myoglobin is ellipsoidal, with overall dimensions ~45x35x25 A. The minimum
radius of the molecule is ~13 A, and the center of gravity is located near the bottom of the
heme pocket. The mean-square displacement of atoms close to the center is on average almost
half that of those within 3 A of the surface of the protein. The displacements increase further
as one leaves the surface: long external side-chains have <x*> which increase sharply with
chain length (an example is shown in Fig. 6). Although the refinement method used in
determining <x*> values applies restraints on bonded atoms, the restraints are not the origin
of the increase in displacements as one proceeds down the side-chain. We know this because
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Figure 3  Plot of the mean-square displacement <x’>, for the side-chain atoms of Met iron myoglobin
at 250 K. Only the atom with the largest displacement in each residue is plotted. Solid circles indicate
charged side-chains.
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Figure 4  Plot of the mean-square displacement <x*>, for the side-chain atoms of oxy cobalt myoglobin

at 250 K. Only the atom with the largest displacement in each residue is plotted. Solid circles indicate
charged side-chains.
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long residues that are internal do not display this trend (an example is shown in Artymiuk et
al., 1979). Also, we have run cycles of refinement without restraints and the results are the
same. Finally, the electron density of the side-chains clearly indicates increases of <x*> with
chain length; often, the terminal atoms barely show density above the noise level.

The plot of mean-square displacements for side-chain atoms shown in Fig. 3 reveals some
interesting fine structure. For example, the A4 helix has one side exposed to the surface and one
side facing the tightly packed center of the molecule. This asymmetry is reflected in the cyclic
side chain displacements from residue 8—17, where side-chains on the exposed surface have
greater <x”>_, than those on the internal surface.

Charged side-chains tend to be more flexible than uncharged ones. The origin of this effect
may lie in their greater average length, but the very low <x*>, for phenylalanines (e.g.,
residue 43) and the occasionally low <x*>,, for a buried charge group (e.g., glutamic acid
105) suggest that the strongest determinant is degree of exposure to solvent. Myoglobin is the
prototypical “oil drop” protein; most of the charged side-chains are on the surface. The
extreme mobility of these residues can be seen in Fig. 3, where the solid circles are amino acids
with charged side-chains.

Comparison With Oxy Cobalt Myoglobin

Fig. 4 shows a plot of <x*>_, for the side-chain atom with the largest displacement in each
residue of oxy cobalt myoglobin. Overall, the oxy structure is significantly tighter than the
Met form. The lowest <x®> values are comparable in both cases, and are of the same
magnitude as vibrations in small organic structures. The large fluctuations, in contrast, are
much lower for the oxygenated protein. We interpret this to mean that the number of
available conformational substates is smaller for oxy cobalt myoglobin.

Close comparison of Figs. 3 and 4 indicates that the patterns of displacement in the two
crystal structures are strikingly similar. Nearly all of the fine structure in the Met iron plot is
reproduced, though with different amplitudes, in the oxy plot. Examples are the rigid region
near the distal Histidine-64, the highly mobile regions around residues 120 and 45, and even
such details as the sharp drop in mobility for Isoleucine 28, which is in a hydrophobic cluster
on the distal histidine side of the heme. The close correspondence for these two independent
sets of data is encouraging demonstration of the ability of crystallography to detect molecular
motion.

We have searched for a structural explanation for the differences in flexibility between the
two structures. The oxy cobalt structure has been described previously (Petsko et al., 1978);
briefly, the oxygen is bound to the cobalt in the bent, end-on configuration with a Co-O,
distance of 1.89 + 0.08 A, an O,-O, distance of 1.26 + 0.08 A, and a Co-O,-O, angle of 131 +
12 ©, The distal histidine is hydrogen-bonded to one of the oxygens, probably O,. Both the
distal histidine and the C., of valine 68 are in van der Waals contact with O,. The cobalt is
out-of-plane by 0.25 A on the proximal side of the heme. Met iron myoglobin has a water
molecule bound to the iron. The metal is 0.40 A out-of-plane and the Fe-O distance is 2.0 A.
The distal histidine is hydrogen-bonded to the bound water. In Fig. 5 we compare the <x’>,,
for the side chain atoms of Val 68 in the two structures. The displacements are similar except
for C,,,, which is much less mobile in the oxy protein. The close van der Waals contact between
this atom and the O, of the bound oxygen molecule may explain the difference. The second
oxygen is missing in the Met structure, possibly permitting greater freedom of movement. A
similar effect occurs for the C;;, of His 64, which is also in van der Waals contact with the
second oxygen in oxy cobalt myoglobin. The mean-square displacement of this atom is almost
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The mean-square displacements <x*>,, for the atoms in valine 68 in Met iron myoglobin

twice as large in Met iron myoglobin. The N, of this residue, which is hydrogen bonded to O,
in oxy myoglobin and to the water oxygen in Met myoglobin, has the same <x*>, in the two
structures, within experimental error.

Although the larger size of molecular oxygen and its tight interactions with globin on the
distal heme side may account for some of the differences between the mobilities of the two
structures, it is hard to invoke these factors for side-chains which extend freely into the
solvent. An example is shown in Fig. 6. Lysine-96 makes no bonds to any other residue, and is
completely external. The differences in mobilities between this residue in oxy and Met
myoglobin increase with distance from the backbone. The large difference for the e nitrogen
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The mean-square displacements <x*>, for the atoms in lysine 96 in Met iron myoglobin
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suggests that this atom may be anchored in the oxy structure. Examination of electron density
maps shows spherical density 3 A from the nitrogen in both structures, which may be a bound
sulfate ion. The concentration of ammonium sulfate is higher in the oxy mother liquor, which
would lead to a higher occupancy for this ion and may contribute to an overall reduction in the
lysine mobility. Similar effects may operate for other charged side-chains.

Temperature Dependence of <x’>.,

In the Debye approximation, the mean-square displacement should decrease linearly with
decreasing temperature until the Debye temperature is reached. Below the Debye tempera-
ture, <x”> should approach a constant value corresponding to the zero-point motion (Willis
and Pryor, 1975). The Debye temperatures of protein crystals are not known, but are expected
to be of the order of 100 K. Lonsdale and El Sayed (1965) reported the variation of the overall
B factor for some organic crystals with temperature; they found linear behavior down to ~100
K.

We have measured the mean-square displacements for all nonhydrogen atoms of
myoglobin at 220, 250, 275, and 300 K. If the displacements were entirely due to harmonic
vibrations, we should expect <x’> « T. In reality, only very few atoms display a temperature-
proportional <x*>. Most atoms show different behavior: large displacements are generally
temperature independent; most small displacements increase rapidly with temperature
(Frauenfelder et al., 1979). These observations are difficult to understand if each atom moves
in a simple well but they find a straightforward interpretation in terms of conformational
substates and transitions (Gavish, private communication). Two facts emerge from these
measurements: (a) In order to draw convincing conclusions concerning the motion of
individual atoms, values of <x*> must be determined over as wide a temperature range as
possible. Experiments performed at only one temprature are blind to complexities. ()
Mean-square displacements must be determined for each individual atom. The average
mean-square displacement <x’> of the molecule does not provide enough information about
the various regions within a protein.

Recently, Singh et al. (1980) have examined the overall B factor in crystals of trypsinogen
at various temperatures down to 198K. They observe a solvent dependent, sharp decrease in B
at temperatures around 225 K. They ascribe this change to a phase transition in the crystal. It
is, however, also possible that the change is caused by the freezing of conformational
transitions. Singh et al. also found that cooling trypsinogen crystals to 213 K had no effect on
the observability of the invisible, flexible chain segments in the molecule. They remark that
one explanation for this is “conformational heterogeneity (microstates).” In such extreme
cases, where there is no change in <x?> with temperature, one cannot conclude that the
conformational disorder is static. It is still possible that there are many interconverting
substates with very small potential barriers between them.

DISCUSSION

Limitations of the Crystallographic Approach

Protein crystallography can provide information about the spatial fluctuations that occur in
protein molecules in the crystalline state. It is pertinent to ask whether the movements seen by
x-ray diffraction are relevant to the dynamic properties of proteins in solution. The strong
correlation of the crystallographic <x?> values with tertiary structural features suggests the
answer is yes. Added evidence comes from consideration of hydrogen exchange. Norvell et al.
(1975) report that 64% of the main chain amides, 80% of the ammonium ions, 100% of the
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hydroxyls, and 77% of the side chain amides in crystalline carbon monoxy iron myoglobin
were able to completely exchange their hydrogens for deuterium in the crystal. An additonal
11% of main chain amide hydrogens were partially exchanged. These values are very close to
those found by chemical studies in solution. A D,O molecule is ~3 A in diameter and could
not penetrate the tightly packed protein structure (Fig. 2) to exchange the internal hydrogens
unless the protein were flexible. For such exchange to occur in the crystal, the molecule must
be able to undergo the same sorts of fluctuations in the solid state as in solution. The
displacements we observe have a reasonable probability of being as large as a few A. Richards
(1979) has recently proposed a mechanism for the exchange process that involves the
propagation of 2—4 A “cavities” or “‘mobile defects” in the packing of atoms in the interior of
the protein. The fluctuations observed in our study are consistent with the kinds of movement
needed for this mechanism.

Of course, the crystal packing must influence the motion of some atoms, at least those in
the regions of contact between neighboring molecules in the lattice. Fig. 7 shows a “heat
picture” of myoglobin; the view is the same as in Fig. 2. Each atom is now shaded according to
how far it moves. The darker the atom, the smaller the mean-square displacement. The edge
of the heme is dark, indicating its rigidity. There is texture, but most of the surface is more
mobile than the heme. A striking exception is the region at the bottom of the picture (residues
55-60), which is very rigid. Although external and largely charged, these amino acids are
relatively immobile (Figs. 3 and 4). This region is involved in a strong intermolecular contact
in the crystal. Presumably, the mean-square displacements are abnormally low. Fortunately,
such regions are rare owing to the irregular shape of protein molecules and the consequent
small number of lattice contacts. It is, nevertheless, important to realize that the effects of
crystallization may extend some distance within the molecules. Recent electron paramagnetic
resonance (EPR) measurements on hemoglobin suggest that the molecular motion involving
the heme is less in crystals than in solution (Hampton and Brill, 1979). The displacements
given by protein crystal structure analyses should probably be considered lower limits to the
values in solution.

Finally, we note that crystallographic data can give only spatial information about protein
motions. Spectroscopic and kinetic measurements are complementary because they provide
temporal information.

The Lattice Disorder in Oxy Cobalt Myoglobin

Our results have assumed that the lattice disorder in oxy cobalt myoglobin is 40% greater than
for Met iron myoglobin. While a reduction of this number will not invalidate most of our
conclusions, it will alter the degree of tightening of the oxygenated structure compared with
the Met form. Greater rigidity of the oxy structure than the deoxy structure was predicted by
Austin et al. (1975) from studies of the temperature dependence of the kinetics of dioxygen
rebinding after photodissociation. In this case, we do not know if Met myoglobin is a
reasonable model for the dynamic properties of the deoxy protein. (Oxy cobalt myoglobin, on
the other hand, appears to be a very good model for oxy iron myoglobin. The structure is
essentially identical with that determined for the oxy iron protein by Phillips {1978]).

One conclusion we draw from this study is that comparisons of mean-square displacements
for two different structures are best made in the light of detailed information about the
magnitudes of the lattice disorder, but that reasonable estimates are possible when such
information is not available. Currently, Mdssbauer spectroscopy provides the only way of
obtaining such data, but it should be possible to use spin labeling, Rayleigh scattering, and,
possibly, solid state nuclear magnetic resonance, for this purpose.
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Outlook

Maximum information about the spatial aspects of the dynamics of crystalline proteins
involves knowledge of the principal directions of motion as well as their equivalent isotropic
magnitudes. Such data can be obtained from crystallographic analyses if higher resolution
data are available. We are currently trying to measure such data for Met myoglobin at 250 K.
Another problem that remains is to determine the effectiveness of the harmonic model for
protein motions. Since proteins are so tightly packed with atoms, large movements must be
cooperative and involve atomic collisions. It is likely that such atomic motion will be highly
anharmonic. Our present exponential form of the “temperature factor” cannot account for the
distribution of electron density caused by anharmonic motion. Development of a suitably
general model is awaited with interest.

One question raised by this work is whether the spatial fluctuations in the myoglobin
structure have any functional significance. As one speculative example, inspired by a question
of J.D. Cowan, we note that the fluctuations even on the outside of myoglobin are smaller in
the liganded than the unliganded state. This observation suggests that the cooperativity in
hemoglobin may be caused not only by one specific link but by a change in the dynamic
properties of the interfaces between subunits. Such a mechanism may be a realization of the
Hopfield “distributed energy” model (Hopfield, 1973).

Proteins are not open, rigid structures. They are close-packed, fluctuating molecules whose
dynamic properties can be studied by x-ray diffraction as well as by other techniques. The
magnitudes of the atomic displacements observed in this study of liganded myoglobin are
quite large and correlate well with features of tertiary structure. In view of this, it would seem
reasonable to believe that the dynamic properties of proteins may be intimately involved in
their biological functions.
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DISCUSSION

Session Chairman: Frederic Richards Scribe: Lucia Garcia-Iniguez

RICHARDS: We have a written extended comment relevant to this whole fluctuations session from Erik Tiichsen of
the Carlsberg Laboratory.

TUCHSEN: This is a contribution on the dynamic aspect of the atoms in the crystals. We have compared hydrogen
exchange rates in crystalline and dissolved hen lysozyme and bovine zinc insulin (4). Crystals were insolubilized by
intramolecular crosslinks, introduced by means of glutaraldehyde (1) to permit comparison of dissolved and
crystalline protein under identical conditions.
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LYSOZYME INSULIN

1700 1500 cm” 1700 1500 cm
Figure 1 IR spectra of crosslinked crystals of lysozyme and insulin suspended in fluorinated mineral oil.
Original transmittance spectra are converted to absorbancy and normalized with respect to the maximum
at 1,650 cm~'. Spectra of all-H crystals (....) are shown together with spectra of crystals incubated in D,0O
for 20 H at pD 9.7 and 20°C (——) and spectra of crystals heated to 80°C in D,O (---).

Exchange of peptide hydrogens in the crystals was demonstrated by IR-spectroscopy on suspensions of crystals no
larger than a few microns. These crystals were suspended in fluorinated mineral oil after removal of water or
deuterium oxide by cryosublimation. In both proteins the amide 11 band near 1,550 cm™', due to CONH groups,
gradually disappeared when the crystals were incubated with deuterium oxide, indicating replacement of peptide
hydrogen for deuterium. In deuterium oxide at pD 9.7, spectra recorded after exchange for 20 h at room temperature
and after heating to above unfolding temperature (3) were almost identical. These spectra (Fig. 1) indicate that all
peptide hydrogens are accessible in the folded protein molecules.

Kinetics of tritium back-exchange from crosslinked crystals, tritiated under similar conditions, were measured by
means of a previously published filtration method (5). In this method, liberation of tritium from a single sample of
crystals is followed versus time. Back-exchange from crosslinked lysozyme crystals was indistinguishable from
back-exchange of dissolved lysozyme (5) as measured by the gel filtration method of Englander (1) (Fig. 2). For
insulin, however, the exchange in crystalline state was considerably slower than in solution, as also observed by
Praissman and Rupley (2). These authors concluded that hydroxy! ion catalysis was eliminated upon crystallization
or that exchange mechanism was shifted from EX2 to EX1. Our results for insulin are different, since they clearly
indicate that the exchange is catalysed by hydroxyl ions, and therefore that the EX2 mechanism is maintained in the
crystal state. The insulin data shown in Fig. 2 indicate, in accordance with investigations by Raman spectroscopy (6),
that some conformational change of insulin occurs upon crystailization.
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Figure 2 Back-exchange of tritium from crosslinked crystals of lysozyme and insulin at pH values given
(-@- and -[J-) and from the dissolved proteins in identical buffers (@ and @). N is the number of tritiated
hydrogens per protein molecule, disregarding any equilibrium isotope effects.
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To summarize, whichever mechanism is responsible for exchange in solution, it is in the crystal as well. | may extend
this into a question to Dr. Petsko. Are the displacements in the crystals big enough to make room for H,O to get
access to the peptide hydrogens?

PETSKO: Yes, provided that in treating the mean square displacements crystallographically you assume that the
motion is harmonic, i.¢. that the probability of finding an atom a given distance from its average position is Gaussian.
If you make that assumption, then a mean square displacement of ~0.3 A implies a very substantial probability that
the atom can be found as far away as 1.5-2.0 A from its average position, so that there is sufficient leeway in the
displacement parameters we see to allow motions of a finite probability large enough to open cavities that could
accommodate a water molecule.

BRILL: The analysis presented in the paper under discussion depends upon the assumption that the rotationatl lattice
disorder is negligibly small. Rotational disorder in protein crystals containing high-spin ferric heme can be quantified
by single crystal EPR orientation studies (Hampton and Brill, 1979; and see Fiamingo, Thorkildsen, and Brill, this
volume). The angles so obtained contain contributions from both molecular and lattice disorder. Results from
hemoglobin suggest that most of the disorder is from the lattice, but some arises within the hemoglobin molecule. We
observe resonances from the individual hemes, and find the same disorder angle for o and 8 hemes. There is some
difference in the shape of the two distributions.

The rotational disorder in ferric myoglobin crystals, which is much less than that in ferric hemoglobin crystals, is
such that half the heme normals lie within a cone of 1.4°. If one assumes all of this to be of lattice origin, and takes the
simplest modetl for the contributions of this angular spread to the mean square atomic displacements, the latter go
from zero at an assumed stationary point in the center of the molecule to 0.2 A? at an average surface radius of 18 A.
On this basis, the vibrational and conformational contributions to the mean square displacements add to a rotational
lattice disorder background which varies between small values and 0.2 A? as the positions considered move between
points close to the center and the periphery. This upper limit to the effect of rotational lattice disorder can account for
a great part of the fluctuations arrived at from the analysis of x-ray diffraction data from ferric myoglobin crystals.

I have a question for those speakers who are going to discuss structural fluctuations in proteins with enzymatic and
transport functions. Two problems have been solved in the design of such proteins. One is that of getting a small
molecule or part of a big molecule to the active site. The other is that of speeding up some reaction, e.g. the transfer of
an electron or the splitting of a bond. While the energetic requirements of making way for the substrate may
dominate, it is the reaction itself which is the goal of the overall process. The question is: How might fluctuations play
a role in activating reactions? If a role is seen, how do the measurements relate to frequency and activation energy
factors?

PETSKO: The question of the rotational disorder in a crystal lattice was taken up to some extent by Sternberg,
Grace, and Phillips (1979) (see our references). They tried to analyze this problem in the lysozyme case. We've tried
to apply their analysis to the myoglobin results but cannot come up with a convincing axis of rotation that would
explain the relative fluctuations we see on the surface of the molecule.

RICHARDS: I'd like now to refer to the Konnert-Henrickson axis as the people here who are most directly
concerned and experienced with x-ray data refinement problems. There is the assumption in all of these cases of the
Gaussian distribution of the fluctuations, but this assumption is clearly not right. It goes back to Debye-Waller to
begin at the beginning, and we have a hard time getting over that. Since then—and here’s where the Konnert-
Hendrickson group have made important contributions -—the fluctuations which are normally treated as independent
by small molecule people are in fact not independent. You can’t have neighboring atoms moving wildly differently
from their neighbors; obviously they are coordinated in their movements. This is not explicitly taken into account
normally, but it represents a real problem of a fundamental nature.
Dr. Petsko, would you read Dr. Konnert’s questions and then answer them?
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PETSKO: Sure.

KONNERT (Question read by Petsko): Although the manuscript doesn’t say so, I believe that the B values were
restrained during the refienment to conform to known stereochemistry (Konnert and Hendrickson 1978, Acta Cryst.
A34,847). Qualitatively, this means that if an atom undergoes large displacements from the mean positions, then
certain other atoms related by approximately known stereochemistry are required to have related large displace-
ments. Were such restraints imposed?

PETSKO: Yes, by the method described in the poster by Hendrickson and Konnert (this volume). That method
imposes a kind of common sense geometrical relationship among the temperature factors which seems to hold up
reasonably well.

KONNERT: With regard to evaluating the magnitude and extent of anisotropy in the lattice disorder, have you
considered looking for diffuse scattering in the vicinity of and in between the Bragg peaks? Very possibly the lattice
disorder involves cooperative affects between adjacent unit cells. The result of such cooperative effects on the
diffraction pattern would be very similar to those for thermal diffuse scattering, but the temperature dependence
would, of course, be different.

PETSKO: This is an excellent point. Diffuse scatter is one of the best ways of looking at coordinated motion and
you’ll see a spectacular example of that in George Phillips’ paper which will follow mine. We have not looked at this in
myoglobin in any kind of detail. In long exposures taken with very high intensity x-rays sources there is some quite
diffuse scatter in the myoglobin pattern, but we haven’t analyzed it. That is clearly something that ought to be done.

KONNERT: Would not a more straightforward method for obtaining the lattice disorder parameters be to carry out
a rigid body refinement utilizing the entire molecule and the B-values from the refinement? In this way you could
determine both the translational and the rotational parameters of an overall rigid motion.

PETSKO: That is to some extent exactly what Sternberg, Grace, and Phillips did for that paper on lysozyme, and as
1 said we tried that on the rotational problem of myoglobin and couldn’t come up with anything reasonable. Ironically
enough, because we had arrived at a measure of the translational lattice disorder from Mossbauer spectroscopy, we
did not try a translational rigid body analysis. I think that’s something that we should have done, and will go back and
do.

RICHARDS: We have another question, this one from anonymous referee: “With regard to long side chains, such as
a lysine residue, how can you be sure that the increased motion as one proceeds to the end of the chain is not simply a
reflection of the easing of restraints in the refinement?”

PETSKO: That’s a good question. There are a number of reasons why we don’t believe that’s the case. For one thing,
values for atoms in the interior of the side chain—which have approximately equal restraints applied to them because
they’re bonded to the same type of atoms and the same number of atoms—do, none the less, increase as the chain gets
farther away from the surface of the protein. But a better way of looking at it is that both the electron density itself
and the stereochemical environment make this kind of behavior look perfectly reasonable. When you have a long side
chain on the surface of the protein hydrogen bonded to another side chain on the surface, or back to the main chain,
the displacements behave exactly as you would expect them to, with an increase as you go around the loop followed by
a sharp decrease when you get to the hydrogen-bonded atom. The other point is that for a side chain such as lysine-98,
which is free to extend into solution (and presumably wave about), the electron density itself diminishes dramatically
as you go along the chain until it is nearly invisible for the terminal atom, in many cases; this is the reflection of a
legitimate flexibility of that residue which is being mirrored by the B-parameters.

FINNEY: There are technical queries which bother me as a noncrystallographer. Except for a few honorable cases,
all protein structures are experimentally underdetermined. Therefore, you have to feed in additional (chemical)
information which in this case is restraints on the refinement. But unless your experiment is perfect, the fact of
putting in restraints is likely to force the results of experimental errors into unpredictable regions. The two regions
where errors tend to be put, in my experience, are in temperature factors, because they can take up slop, and in the
solvent. [ wouldn’t want to rely on any information which came from a refinement where a considerable amount of
chemical information was fed in. We wouldn’t know what protein structures were like unless we already knew what
protein structures were like. You stress in your paper that a lot of the information that comes out makes chemical
sense. If 1 wanted to be skeptical, I could say it makes chemical sense because you put that chemical sense in to start
with. I would like to see refinement work done on a system where no restraints were fed in at all. Then you would
know what the extent of your data was, and its reliability, and therefore you could see that the numbers that came out
actually came out of the data, and not out of the assumptions that were put in to the refinement. I would like some
clarification upon this general point.
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PETSKO: The point is very soundly taken, I think, that one has to worry about a refinement in which you assume
that you know things about the protein. There are a couple of points about this specific work which I want to mention
and then I'll talk in general terms.

In the original paper in Nature in which we describe the calculations in more detail, we talk about some of the
attempts we made to determine to what extent the restraints were influencing the temperature factors we obtained.
This included, in some regions, eliminating those restraints and refining simply with a normal least-squares procedure
that involves no stereochemical connectivity at all, and those numbers agree quite well with the numbers we have
from the restrained refinement. We are operating here at a very high resolution, relatively speaking, 1.5 A, with a
large number of measurements. Although we are not dreadfully well overdetermined, we are overdetermined.

In general terms, one can really comment in only a couple of cases. The poster by Hendrickson and Konnert shows
results that have actually come out of some refinements in which the restraints were relaxed, i.e. were not applied.
There are some unrestrained numbers down there (with respect to B-values), which is what we’re talking about. The
other analysis done in this way, was rubredoxin, studied by Lyle Jensen and his colleagues at 1.2 A resolution, where
effectively no restraints were applied throughout much of the analysis, and that includes on the temperature factor
parameters. Their results are quite similar to ours: the B-values increase as you go from the inside of the protein to
the surface of the molecule. They also correlate in a sensible way with structure, being, in general, lower for regions of
regular secondary structure or for those atoms used to anchor the iron-sulphur clusters, and higher for atoms on the
surface of external loops. Jensen et al. also have given us a very good estimate of the spread in bond lengths and angles
that one can expect to find in the course of an unrestrained refinement with very good data at very high resolution. It’s
that sort of spread that we use in setting the limits to which things can go during the refinements that we do with more
limited data. You must understand that these parameters are not rigidly held at all, in the refinement, but rather the
atoms are tethered with flexible ropes to positions that maintain more or less expected bond lengths and angles.

ROSE: I'd like to comment that in addition to the detailed atomic information it’s also possible to back off and take a
bird’s eye view of the molecule. If you look at the chain sequential hydrophobicity as it lies along the polypeptide
chain, that correlates very well with the mean-squared displacements shown in Figs. 3 and 4 of your paper. If you plot
the free energy of transfer from aqueous to organic solvent against the residue number, you find for myoglobin that
there are parts of the chain where the hydrophobicity is at a local maximum and other parts of the chain where it is at
a local minimum. The parts of the chain at a local minimum are presumably the parts that are sitting at the
solvent-accessible exterior of the molecule, and the local maxima in hydrophobicity are then the parts that ought to be
nailed down. You can see the correlation from my figure (below).

LUMRY: I get the impression that the diffuse scattering is an important factor, that it contains a lot of information
and that sometimes it jeopardizes the results of looking at the temperature ellipsoids themselves. Would you
comment?

PETSKO: Wedon’t have any calculations that would give us any experience on it, but my feeling agrees with yours. 1
think that the neglect of the diffuse scatter is probably a relatively serious thing and that in some cases—particularly
proteins which are not nearly so well packed as they are in these particular crystals—that that’s going to get us into a
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lot of trouble unless we at least look at it very carefully. It does have extra information of great importance, and it’s
related to these correlated motions that we spoke about earlier.

LESK: I'd like to ask a little bit more about your citation of rubredoxin in answer to John Finney’s question. If we
were naive we would all believe that the surface regions of the protein are both more flexible and also more
disordered. The strength of your results is that by doing things as a function of temperature you can sort one effect out
from the other. I'm not aware that rubredoxin was ever studied as a function of temperature. If not, how you can sort
out disorder effects from motions within a single molecule?

PETSKO: O.K. I haven't talked at all about the temperature-dependent work that we did, and in the case of
rubredoxin you are correct that no temperature-dependent work has been done. There the strongest evidence for the
quality of the results comes again from the comparison of two related rubredoxins in two different crystal forms,
rather like our comparison of the lysozyme structures.

KUNTZ: You said earlier that these pictures are done from a harmonic analysis and would tie in with the high
frequency motions we saw in Richard Feldmann’s film “Molecular Dynamics of Pancreatic Trypsin Inhibitor” and in
my films on “Protein Surfaces” (Kuntz and Connolly). Your channel for getting the oxygen in started hot at the top
but didn’t stay hot all the way through. Musn’t you have low frequency motions that allow the oxygen to actually
penetrate there?. What is your feeling about what the high frequency motions tell us about the low frequency
motions, which we know must be the important ones?

PETSKO: Obviously, low frequency motions are extremely important both for the exchange processes and for
certain types of biological function. I'm not sure that we can have much to say about those unless they represent states
that occur with a fairly high probability.

HARVEY: Can you say something about the errors that are introduced by the harmonic assumption? Do you think
the true motions are probably larger or smaller than you are coming up with as a consequence of anharmonicity?

PETSKO: I think maybe Martin Karplus could make a comment about that but I don’t know how to answer.
RICHARDS: We'll conclude with a comment by Hans Frauenfelder on his own paper.

FRAUENFELDER: I would like to add two things. One is the factor three. We have had some difficuities about
whether X* means x-squared or 3 X” or 1/3 X2, In any detailed comparison for instance between Brill’s and our data
we should be careful, because I think there it may be a factor of 3 off—in the right direction, I hope. When you take a
motion like that, the X? that you measure is really one- or two-dimensional depending on whether it’s a point you turn
or an axis. We have to check that.

The second point is about the large scale motions. I think it’s difficult to get this information at present from x-ray.
We have indirect evidence of large scale motions of the protein from measuring the binding in solvents of various
viscosities, where we can explain all the features by not assuming static barriers inside the protein but by assuming
opening and closing of channels. From the data, the information we find is that large-scale motions could certainly
exist. They would explain all the data with fewer parameters than one needs if one has just a standard set of barriers,
and one then gets information about the time scale which checks remarkably well with Mossbauer effect data. There
one can get the X? and the time dependence because a natural time scale is built-in. So I think one will have to look for
the large scale motion at the beginning, and get it from other tools, not the x-ray.
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