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Multiple Conformational States of Proteins:
A Molecular Dynamics Analysis of Myoglobin

R. ELBER AND M. KARPLUS

A molecular dynamics simulation of myoglobin provides the first direct demonstration
that the potential energy surface of a protein is characterized by a large number of
thermally accessible minima in the neighborhood of the native structure (for example,
approximately 2000 minima were sampled in a 300-picosecond trajectory). This is
expected to have important consequences for the interpretation of the activity of
transport proteins and enzymes. Different minima correspond to changes in the
relative orientation of the helices coupled with side-chain rearrangements that preserve
the close packing of the protein interior. The conformational space sampled by the
simulation is similar to that found in the evolutionary development of the globins.
Glasslike behavior is expected at low temperatures. The minima obtained from the
trajectory do not satisfy certain criteria for ultrametricity.

HE INTERNAL MOTIONS OF PRO-

I teins are being studied both for their
intrinsic interest (proteins are disor-

dered systems with special characteristics)
and their functional role (1). For native
proteins with a well-defined average struc-
ture, two extreme models for the internal
motions have been considered. In one, the
fluctuations are assumed to occur within a
single multidimensional well that is harmon-
ic or quasiharmonic as a limiting case (2-5).
The other model is based on the assumption
that there are multiple minima or substates;
the internal motions correspond to a super-
position of oscillations within the wells and
transitions among them (3, 6-10). Experi-

models, bur it has proved difficult to distin-
guish between them (11).

In this report, we demonstrate that multi-
ple minima exist in proteins and show that
they have an essential role in determining
their internal motions. A molecular dvnam-
ics simulation of the .protein myoglobin is
used to characterize the minima structurally
and energetically. Myoglobin was chosen
for study because it has been examined
experimentally by a variety of methods and
the nwo motional models have been applied
to it (5-8, 12, 13). It is ideally suited for
analysis, because its well-defined secondary
structure (a serics of a-helices connected by
loops) facilitates a detailed characterization
of the dynamics. The widespread interest in
the multiple minimum problem in amor-
phous and glassy materials makes this study
timely (14-19), particularly because it has
been suggested that proteins have glasslike
properties (14-18).

We concentrate on the structural and
dynamic aspects that are of primary interest
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for inhomogeneous systems like proteins.
The results provide a sound basis for mo-
tional models of protcins and make possible
an evaluation of their glasslike nature and
possible ultrametric character. Further, the
range of structural fluctuations found in the
dynamics of a single myoglobin molecule is
of the same order of magnitude as differ-
ences among the structures for a series of
globins (20).

The analysis is based on a 300-psec classi-
cal molecular dynamics simulation of myo-
globin ar 300 K; details of the simulation
method haye been presented (21). The to-
pography of the potential surface underlying

- the dynamics was explored by finding the
mental data have been interpreted with both -

local energy minima associated with sequen-

_tial coordinate sets (16, 17). Thirty-one co-

ordinate sets (one every 10 psec) were se-
lected, and the energy of each was mini-
mized with a modified Newton-Raphson
algorithm suitable for large molecules (22);
2000 or more steps were required to obtain
a minimized structure with an atomic poten-
tial energy gradient of 0.06 kcal/(mole A).
Since the coordinate scts all corresponded to
ditferent minima, structures separated by

A B

Fig. 1. Representation of the rms difference crite-
rion for diferent minima. (A) The rms after the
minimization is larger than the initial rms, imply-
ing that the two conformations corrcsp(_)nd' to
ditferent minima; (B) rms after the minimization
is smaller than the initial rms, implying that the
two conformations correspond to the same mini-
mum.

shorter time periods were examined to de-
termine how long the trajectory remains in a
given minimum. Seven additional coordi-
nate sets (one every 0.05 psec) were chosen,
and their behavior on minimization was
examined; if two coordinate sets converged,
they corresponded to the same minimum; if
they diverged, they corresponded to differ-
ent minima (Fig. 1). The measure for the
distance between two structures is their
root-mean-square (rms) coordinate differ-
ence after superposition, where

rms = [(1/N) z {(x)a — 1) (1)

i=1

with (x;), and (x;),, the coordinates of atom i
in structures a and b, respectively; the sum is
over the N atoms in the molecules {exclud-
ing the heme group). The change in rms
difference berween a pair of structures on
minimization was in the range 0.06 to 0.7
A, relative to the initial difference of 0.1 to
0.5 A for the structures scparated in time by
0.05 to 0.35 psec.

Analysis of the short ime dvnamics {(Fig.
2) demonstrates that convergence occurs for
intervals up to 0.15 * 0.05 psec, the uncer-
tainty corresponding to the time between
coordinate sets. Thus, the 300-psec simula-
tion samples about 2000 different minima;
this is a sizable number, but it may neverthe-
less be small relative to the toral {finite)
number of minima available to such a com-
plex system in the neighborhood of the
native average structure (that is, conforma-
tions that are nativelike and significantly
populated at room temperature); whether
this number increases exponentiaily with the
number of particles, as has been shown for
spins (18) and other simple many-body sys-
tems (16) is not known for proteins. The
rms differences among the minimized struc-
tures reach a maximum value of approxi-
mately 2 A at about 200 psec. Thus, the
vector Ry representing the coordinates of
all the atoms in a nativelike conformation K
is restricted to a volume such thar the dis-
tance between any two minimized confor-
mations Ry and Rg: is limited.

Comparison of the encrgies ot the mini-
mized structures (Fig. 3) shows thar width
of the encrgy distribution is on the order of
20 K (40 cal/mol) per degree of freedom.
Since the difference in energy benween the
“inherent” structures (16, 17) is small, they
are significantly populated at room tempera-
ture. Further, the large number of such
structures sampled by the room temperature
simulation suggests that the effective barri-
ers separating them are low and that the
protein is undergoing frequent transitions
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Fig. 2. Root-mean-square difference correlation
function <rms(0). rms(#)> between structures as
a function of the time interval berween them.
Results are for 0.05-psec time interval structures;
the squares arc from the trajectory and the trian-
gles arc the minimized structure results.

from one structure to another. The fluctua-
tions within a well can be described by a
harmonic or quasiharmonic model. Esti-
mates based on the time development of the
mms atomic fluctuations for main-chain at-
oms at room temperature (23) indicate that
20 to 30 percent of the rms fluctuations are
contributed by oscillations within a well and
70 to 80 percent arise from transitions
among wells; for side chains the contribu-
tion from transitions among the multiple
wells is expected to be larger. These results
are similar to those obtained in a simulation
of an isolated helix (8).

From the results, extrapolated to lower
temperatures in terms of a temperature-
independent potential, the expectation is

that the oscillations within a well would .

decrease linearly or nearly linearly with tem-
perature [until the quantum regime is
reached (8)], while the transitions among
wells would go to zero [except for possible
tunncling contributions (24)] when the bar-

Table 1. Internal and rclative flucruations of
helices. The procedures are described in the text.

Internal Trans- Ro-
Regions rms lation tation -
: (A (A) (deg)
Nonbhelical 25204 1.4 6
regions?
Helices
A 09=+03 1.8 9
B 0904 2.1 17
C 0.8 03 2.0 18
D 04=0.1 5.4 17
E L1 =03 2.2 11
F 0502 2.2 . 21
G 0.7+0.2 4.8 17
H 0.8 =04 1.3 11

*The rms values and their standard deviations are gi-
ven. *The results for the nonhelical regions arc aver-
ages over the loops and rurns of the molgcule.

16 JANUARY 198~

riers become so high relative to the thermal
encrgy that individual molecules are trapped
in separate wells. Activation energies in the
range of 2 to 8 kcal/mol have been suggested
(14). Since energy differences among some
of the wells are small (Fig. 3), molecules may
be trapped in metastable states at low tem-
peratures, in analogy to violations of the third
law of thermodynamics in crystals (such as
crystals of CO) and models for the glassy state
(14-19). A number of experiments suggest
that the transition temperature for myoglobin
is in the neighborhood of 200 K (6, 9, 14,
25). Because large-scale, collective motons
that involve the protein surface are important
in the fluctuations (23), it is likely that the
observed transition is due to the freezing of
the solvent matrix (23, 25).

Since the details of the native structure of
a protein play an essential role in its func-
tion, it is important to determine the struc-
‘tural origins of the multiminimum surface
obtained from the dynamics analysis. The
superposed stereopictures of two states sep-
arated by 100 psec (Fig. 4) illustrate that the
general features of the structure (helices and
turns) are preserved throughout the simula-
tion and that the differences in position are
widely distributed. To analyze the structural
changes, a distance matrix approach was
used (26); the elements of this matrix are Rj;
(K), the distance between particles i and j in
conformation (K). Of interest for compar-
ing two conformations K and K’ is the
difference distance matrix

84(K,K’) = Rj(K) — Rg(K')  (2)

The scaled difference matrix {A}, is the
dimensionless matrix obtained by dividing
Ay(K,K') by the largest element. Figure §
for the Ca atoms shows that the points
corresponding to the large {4} values tend
to occur in groups on straight lines parallel
to the axes. They are associated primarily
with loop displacements or the relative mo-
tions of helices which individually behave as
nearly rigid bodies. For times of 100 psec
and greater the difference matrices are simi-
lar in that the dominant features are present
in all of the matrices; below 100 psec,
changes occur in one or more loop regions

0.20 1 1 i 1]
)
>
@
<
Q
© ]
Z o010} : -
=
8 : |
F-l
2
n
0.00 1 1
0. 10. 20.

Energy (degrees per
degree of freedom)

Fig. 3. Energy distribution of the minimized
conformations; the energy is in degrees Kelvin
per degree of freedom.

but not all of the loop or helix relative
motions appear in the difference matrix be-
tween any pair of structures. This suggests
that rearrangements within individual loops
are the clementary step in the transition
from one minimum to another and that
these are coupled with associated helix dis-
placements. Which loop or turn changes in a
given time interval appears to be random.
Specific loop motions may be initiated by
side-chain transitions in the helix contacts,
main-chain dihedral angle transitions of the
loops themselves, or a combination of the
two. As the time interval between two struc-
tures increases, more loop transitions have
occurred. At room temperature, the transi-
tion probabilities are such that for an inter-
val 100 psec or longer between two struc-
tures, some transitions will have taken place
in all of the flexible loop regions and the
scaled difference matrix representation has
converged. However, since the rms differ-
ences between structures continue to in-
crease up to 200 psec, the configuration
space available to the molecule includes a
range of structures for the loop regions that
are not completely sampled in 100 psec.
To characterize the helix motions that are
coupled with the loop rearrangements, the
internal strucrural changes of the hclices
were separated from their relative motions.

Table 2. The rclative motions of helices involved in contacts. The fluctuations in the distances (in
angstroms) and angles (in degrees) berween pairs of helices are given. Listed are the rms fuctuations,
the maximum differences found in the set of minimized conformations, and the differences between

structures in the globin scrics.

Helix Trajectory X-ray structures*
contact <AP> 12 <AO?>12 A max 2O Ar Ao
A-H 0.7 2 22 . 10 20 12
B-E 0.4 14 1.6 39 3.0 25
B-G 0.4 6 1.9 25 6.2% 30
F-H 0.4 1 1.8 5 1.4t . 10%
G-H 0.3 2 1.3 7 25 15 _7
*From (20). +Calculated as described in text.
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Individual helices and loops were superim-
posed, and the rms differences for the main
chain were calculated for the set of struc-
tures; the rms difference for the internal
structure of the helices is generally less than
1 A (see Table 1). Helix E undergoes some-
what greater internal structural changes; this
appears to be due to significant bending of
the helix during the trajectory. The corre-

sponding results for the loop regions show
that they undergo much larger internal
structural changes. If the helices are super-
posed successively according to their se-
quential order in the chain (that is, first helix
A is superposed in two structures and the
rotation and transition of the molecules to
superpose helix B is determined; having
superposed helix B, the rotation and transla-

Fig. 4. Minimized structures of myoglobin; stereo diagrams showing two superposed structures
scparated by a time interval of 100 psec along the trajectory.
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Fig. 5. Averaged scaled difference matrices for Ca atoms; the indices on the ordinate and abscissa
designate the residuc number. All values greater than 30 percent of the largest value are shown (most
values are berween 30 and 50 percent); positive differences are plotted above the diagonal, negative
below it. (A) Structures sampled at 100-psec time interval; the sccondary structural elements are
indicated at the top of the figure; (B) strucrures sampled ar 200-pscc time intenval.

Fig. 6. Helices A and H in two superposed minimized structures (25 and 300 pscc); the main-chain

atoms N, Ca, C arc shown.
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tion required to superpose helix C is deter-
mined, and so on), the required rms transla-
tions fall into two ranges (scc Table 1); they
are of the order of 1.5 to 2 A, except for C
compared with D and F with G, which are
of ‘the order of 5 A; the corresponding
angular variations are between 11° and 21°
and show no simple correlation with the
translations. The behavior of the C and D
helices can be correlated with the flexibility
of the C-D loop in myoglobin; crystal struc-
tures show alternative conformations for
this region (27).

Pairs of helices that have significant van
der Waals interaction were also examined
(Fig. 6) (20); these are helix pairs A-H, B-E,
B-G, F-H, and G-H, for all of which at least
three residues from each helix are in <ontact.
Each helix is fitted to a straight line and the
fluctuations of the distance between the
helix centers of mass and the relative orienta-
tions of the lines are compared (Table 2).
The relative translations found in this case
have rms values of 0.3 to0 0.7 A, and the
relative rotations have mms values of 1° o
14°. The maximum differences berween
pairs of structures are 1.3t0 2.2 A and 5° to
39°. These values are of the same order as
the differences (1 to 3 A 15° w0 30°, except
for the B-E contact where the maximum
difference is 6 A) found in comparing a
series of different globins with known crys-
tal structures and sequence homologies in
the range 16 to 88 percent (20). Thus, the
range of conformations sampled by a single
myoglobin trajectory is similar to that found
in the evolutionary variation among crystal
structures of the globin seres.

The comparison of the various globin
structures (20) suggested that the range of
different stable helix packings is achieved
primarily by changes in side-chain volumes
resulting from amino acid substitutions, In
the dynamics, it is the correlated motions of
side chains that are in contact, plus the
rearrangements of loops, that make possible
the observed helix fluctuations. Different
positions within wells and transitions be-
tween wells for side chains (for example,
%60°, 180° for x,) are involved, This is in
accord with the results of high-resolution x-
ray studics that show significant disorder in
side-chain orientations (27, 28). Further,
correlated dihedral angle changes differenti-
ate the various minima; for example, for the
B-E hclix contact, residues Glu® (B), Leu®
(E) and Val*' (B), Leu® (E) are involved in

~ correlated motions. Since morc than one sct

of side-chain orientations is consistent with
a given sct of helix positions, the known
globin crystal structures represent only a
small subsct of the possible local minima.
The complexity of the conformational
space and the existence of multiple minima
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with small energy differences suggest that a
protein is a disordered system that may have
glasslike properties at low temperatures (18,
19). We focus here on one striking property
of spin glasses, namely, their ultrametricity
(15, 29, 30). For a random spin system, it
has been shown (30) that for a set of replica
structures (each one is defined by a stable
orientation of the spins), a similarity func-
tion can be defined such that the replicas fall
into disjoint clusters; in which the overlap of
all pairs is larger than a specified (bur arbi-
trary) value; the sjze of the cluster depends
on the choice of the overlap criterion. Such
an ultrametric system is isomorphous with
an evolutionary tree (15, 29). To apply this
concept to the myoglobin simulation, we
consider each of the minimized structures as
a replica and use the rms difference between
them as the overlap criterion. There is a
rather sharp transition between the range
(rms > 1.5 A) when all structures are dis-
joint, and the range (0 < rms < 1 A) when
all the structures belong to the same cluster.
In a very narrow region (1 < rms < 1.5 A),
there are sets of disjoint clusters with more
than one strucrure per cluster; forrms = 1.2
A, there are clusters of size 1 (several) and
one cach of 2, 4, 7, and 9. Since the rms
overlap criterion is arbitrary, we have tried
others (for example, distance matrices) and
have obtained corresponding results.

It appears that ultrametricity is not a
useful concept when applied to the myoglo-
bin simulation. What this means for actual
myoglobin molecules or other proteins is
not clear, since the simulation is short and
the structures form a sequence deviating in
time. Also, it is not known whether glasses
[in contrast to the special model for a spin
glass considered in (30)] are ultrametric.

Myoglobin at normal room temperatures
samples a very large number of different
minima thar arise from the inhomogeneity of
the system. This is expected to have important
consequences for the interpretation of myo-
globin function and, more generally, for the
functions of other protcins, including en-
zymes. There are solidlike microdomains (the
helices), whose main-chain structure is rela-
tively rigid, and liquidlike regions (the loops
and the side-chain clusters at interhelix con-
tacts) that readjust as the helices move from
" one minimum to another. Since the minima
have similar energies, myoglobin is expected
to be glasslike at low temperatures. Freezing
in of the liquidlike regions could result in a
transition to the glassy statc.
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