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

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 importatit 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 sanlpled 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. 

shorter time periods were examined to de- 
termine how long tlie trajectory rcmains in a 
given minimum. Seven additional coordi- 
nate sets (one every 0.05 psec) wcrc chosen, 
a i d  tlicir behavior on  minimization was 
examined; if two coordinate sets convergcd, 
thcy corrcspondcd to tlic same minimmi; if 
they diverged, they corrcspondcd to diffcr- 
ent minima (Fig. 1) .  Thc measure for thc 
distance betwccn two structilrcs is thcir 
root-mcan-square (rnis) coordinatc differ- 
ence after superposition, wherc 
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witli (xi),, a i d  tlie coordinates of  atom i 
in structures a and b, respectively; tlic sum is 
over the N atoms in tlic molecules (exclud- 
ing the heme group). The change in rms 
difference between a pair of structures on  
minimization was in the range 0.06 to 0.7 
A, relative to  tlic initial diffcrence of  0.1 to  
0.5 A for the structures separatcd in time by 
0.05 to 0.35 psec. 

Analysis of the short time dynamics (Fig. 
2)  demonstrates that convergcnce occurs for 
intervals up to 0.15 ? 0.05 psec, the unccr- 
tainty corresponding to tlic time between 
coordinatc sets. Thus, the 300-psec simula- 
tion s:unplcs about 2000 different minima; 
this is a sizable number, but it may ncvcrthe- 
less bc small rclative t o  the total (finite) 
number of  minima available to  such a com- 
plex system in tlic neighborhood of  tlie 
native averagc structure (that is, confor~iia- 
tions that are nativelikc and significantly 
populated at room temperature); whetlier 
this number incrcascs cxponentially with the 
number of  particles, as has bcen shown for 
spins (18) a id  othcr simple many-body sys- 
tems (16) is not known for proteins. The 
rms differenccs iunong the mininlized struc- 
turcs rcach a n~aximum value of approxi- 
matcly 2 A at about 200 psec. Thus, the 
vcctor RKrepresenting tlie coordinates of  
all the atoms in a nativelike conformation K 
is restricted t o  a volume such that the dis- 
tance betwcen any two minimized confor- 
mations RKand RK,is limited. 

Comparison of  the energies of  tlic mini- 
mized structurcs (Fig. 3) shows that width 
of the cnergy distribution is on  tlic order of  
20 I( (40 calimol) per degree of frecdom. 
Since tlie difference in energy bcnvecn the 
"inherent" structurcs (16, 17) is small, thcy 
are significantly populated at room tempera- 
ture. Further, the large of  such n ~ u r ~ b e r  
structures samplcd by the room temperature 
sinlulation suggcsts that the effective barri-
crs separating them are low and tliat the 
protein is undergoing frequcnt transitions 

THE INTERNAL MOTIONS OF PRO-

teins are bcing studicd both for their 
intrinsic intcrcst (proteins are disor- 

dercd systems witli special charactcristics) 
and their fitnctional role (1). For native 
proteins with a wcll-defined average struc- 
turc, two cxtrenle models for thc internal 
nlotions have been considered. In one, tlie 
fluctuations are assumed to occur within a 
single multidimensional wcll that is hamion- 
ic o r  quasihar~iionic as a limiting case (2-5). 
The other model is bascd on thc assumption 
that thcre arc multiple minima or  substates; 
tlic internal motions correspond to a super-
position of  oscillations within tlie wells and 
transitions among thcm (3, 6-1 0). Experi-
mental data have been interpretcd with both 
models, but it has proved difficult to  distin- 
guish bctwecn thcm (1 I ) .  

In this report, wc demonstratc that multi- 
ple minima cxist in proteins a i d  show that 
they havc an essential role in determining 
thcir intcrnal nlotions. A molecular dynam- 
ics simulation of the protein nlyoglobin is 
uscd to cl~aractcrize the minima structurally 
and energetically. Myoglobin was choscn 
for study because it has becn examined 
experimentally by a variety of  methods a i d  
tlie two motional modcls have been applied 
to  it (5-8, 12, 13). It is ideally suitcd for 
analysis, because its wcll-defined secondary 
structure (a scries of  a-helices corulccted by 
loops) facilitates a dctailcd characterization 
of  thc dynamics. The widesprcad intercst in 
the multiplc minimum problcnl in amor-
phous and glassy materials makes this study 
timely (14-19), particularly because it has 
been suggested tliat proteins have glasslike 
properties (14-1 8). 

Wc concaltratc on the structi~ral a i d  
dynamic aspects that arc of  primary intercst 

for inhon~ogeneous systcms likc proteins. 
The results provide a sound basis for mo- 
tional models of proteins and make possible 
an evaluation of tlicir glasslike nature a i d  
possible ultrametric character. Further, the 
rangc of  structural fluctuations found in the -
dynamics of a singlc myoglobin moleculc is 
of tlie same ordcr of magnitude as ditfer- 
ences among thc structures fix a series of 
globins (20). 

The analysis is based on  a 300-psec classi- 
cal molecular dynamics simulation of myo- 
globin at 300 K; details of  tlie sinlulation 
method have been presented (21). Thc to- 
pography of tlic potential surface underlying 
the dynamics was explorcd by finding thc 
local cncrgy minima associated with sequen- 
tial coordinate sets (16, 17).Thirty-onc co- 
ordinate sets (onc cvcry 10 psec) were se- 
lected, and the energy of each was mini-
mized with a modificd Ncwton-Raphson 
algorithm suitablc for large molecules (22); 
2000 or  more steps wcre required to  obtain 
a minimized structure with a11atomic potcn- 
tial energy gradicnt of  0.06 kcali(mo1c A). 
Since tlic coordinate sets all corresponded to 
different minima, structures separated by 

Fig. 1. Representation of the rms ditfere~lce crite- 
rion for difli-rent minima. (A) The rms after the 
minimization is larger than the initial rms, imply- 
ing that the two co~lformations correspo~ld to 
difli-rent minima; (B) rms after the ~ni~limizatio~l 
is sm,dIer than the initial rms, implying that the 
two conformations correspond to the same mini- I > c p ~ r u ~ ~ c n r  TTdr\ard University, (:.IIII-of (:hcmistrp, 

mum. hridgc, MA 02138. 
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Fig. 2. Root-mean-square difference correlation 
function <rms(O), rms(t)> between structurcs as 
a fi~nction of the time interval between them. 
Results arc for 0.05-pscc t i~nc  interval structures; 
the squares are from the trajectory and the trian- 
gles arc the minimized structure results. 

from one structure t o  another. The fluctua- 
tions within a well can be described by a 
harmonic o r  quasiharmonic model. Esti-
mates based o n  the timc development of the 
rms 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 8 0  percent arise from transitions 
among wells; for side chains the contribu- 
tion from transitions among the multiple 
wells is expected t o  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 o r  nearly linearly with tem- 
perature [until the quantum regime is 
reached (8)], while the transitions among 
wells would go  t o  zero [except for possible 
tunneling contributions (24)] when the bar- 

Table 1. Internal and relative fl~~ctuations of 
helices. The procedures are described in the text. 

Internal Trans- Ro-
Regions lat~on tation 

(4 (dcg) 

*The rms values and thcir standard deviations are gi- 
ven. tThc results for the nonlielical regions are aver- 
ages over the Im~ps and turns of the molecule. 

16 JANUARY 1987 

riers become so high relative to  the thermal 
energy that individual molecules are trappcd 
in separate wells. Activation energies in the 
range of 2 to  8 kcalimol have been suggested 
(14). Since energy differences among some 
of the wells are small (Fig. 3), molecules may 
be trappcd 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 motions 
that involve the protein surface are important 
it1 the fluctuations (23), it is likely that the 
observed transition is due to  the freezing of 
the solvent matrix (2.7, 2.5). 

Since the details of the native structure o t  
a protein play an essential role in its func- 
tion, it is important to  determine the struc- 
tural origins of the multiminimurn 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. T o  analyze the structural 
changes, a distance matrix approach was 
used (26); the elements of this matrix are Rij 
(K), the distance between particles i and j in 
conformation (K). O f  interest for compar- 
ing two conformations K and K' is the 
difference distance matrix 

A,(K,K1) = K,J(K) - K,(K') (2) 

The scaled diEerence matrix {Aij}, is the 
dimensionless matrix obtained by dividing 
Aij(K,Kf) by the largest element. Figure 5 
for the Ca atoms shows that the points 
corresponding to the large {Aij) values tend 
to occur in groups o n  straight lines parallel 
to the axes. They are associated primarily 
with loop displacements o r  the relative mo- 
tions of helices which individually behave as 
nearly rigid bodies. For times of 100  psec 
and greater the difference matriccs 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 rcgions 

0. 10. 

Energy (degrees per 
degree of freedom) 

Fig. 3. Enerby distribution of the rnini~nizcd 
conformations; the energy is in degrees Kelvin 
per degree of freedom. 

but not all of the loop or  helix relativc 
motions appear in the difference matrix be- 
tween any pair of structurcs. This suggests 
that rearrangements within individual loops 
are the elementary 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, o r  a combination of the 
two. As the timc interval between two struc- 
tures increases, more loop transitions have 
occurred. At room temperature, the transi- 
tion orobabilities are such that for an inter- 
val 100 psec o r  longer between two struc- 
tures, some transitions will have taken place 
in all of the flexible loop rcgions and the 
scaled difference matrix representation has 
converged. However, since the rms diffcr- 
ences between structurcs continue t o  in-
crease up  t o  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. 

T o  characterize the helix motions that are 
coupled with the loop rearrangements, the 
internal structural changes of the helices 
were separated from thcir relative motions. 

Table 2. The relative motions of hcliccs involved in contacts. The fluctuations in the distances (in 
angstroms) and angles (in degrees) between pairs of helices arc given. Listed are the rms fluctuations, 
the maxinlum differences found in the set of minimizcd conformations, and the differences bctwcen 
structurcs in the globin series. 

Helix Trajectory X ray struchlresX 

contact <A?>''z <h@2>"2 

A-H 0 7 2 
B-E 0 4 14 
B-G 0.4 h 
F-H 0 4 1 
G-H 0 3 2 

*From (20) tCalculated a3 de3rr1bcd In text 

Arm,, A@",,, Ar A@ 
-

2.2 10 2 0 12 
1 6  39 3.0 25 
1.9 25 6 .2 t  30 
1 8  5 1 4 t  l o t  
1.3 7 2 5 15 
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Individual helices and loops were superim- 
posed, and the rms digerences 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 (see Table 1). Helix E undergoes some- 
what greater internal structural clyanges; this 
appears to be due to significant bending of 
the hclix 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 hclix B is determined; having 
superposed hclix B, the rotation and transla- 

Fig. 4. Mi~iimizcd stnlctures of myoglobin; stereo diagrams showing two superposed structures 
separated by a time interval of 100 psec along the trajectory. 

Fig. 5. Averaged scaled diffcrencc matrices for Ca atoms; the indices on the ordinate and abscissa 
designate the residue number. All \,slues greater than 30 percent of the largest value are shown (most 
values are bemeen 30 and 50 percent); positive differences are plotted above the diagondi, negative 
below it. (A) Struct~~ressa~iipled at 100-psec time inter\lal; the secondary structural elcrnents are 
indicated at the top of the figure; (B) stnlctures sarnpled at 200-psec time i n t e n d  

Fig. 6. Helices A and H in two superposed minimized structures (25 and 300 psec); the main-chain 
atoms N, Ca, C are shown. 

tion required to superpose hclix C is deter- 
mined, and so on), the required rms transla- 
tions fall into two ranges (see Tablc 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 1 loand 21" 
and show no simple correlation with the 
translations. The behav~or of the C and I> 
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, 
R-G, F-H, and G-H, for all of which at least 
three residues from each hclix are in contact. 
Each hclix is fitted to a straight line and the 
flucruations of the distancc between the 
helix centers of mass and the relative orienta- 
tions of thc lines arc compared (Tablc 2). 
Thc relative translations found in this casc 
have rms values of 0.3 to 0.7 A. and the 
relative rotations have rms values of loto 
14". The maximum differences between 
pairs of structurcs are 1.3 to 2.2 A and 5" to 
39". Thcsc values arc of thc same order as 
the d~ffere~ices (1to 3 a, 15" to 30°, except 
for the B-E contact where the maximum 
diffcrencc is 6 A) found in compari~ig a 
series of different globills w ~ t h  known crys- 
tal structures and sequencc homologies in 
thc range 16 to 88 perccnt (20). Thus, the 
range of conformations sanlpled by a single 
myoglobi~i trajectory is similar to that found 
in the evolutionary vanation among crystal 
structures of the globill serics. -

The comparison of the various globin 
structurcs (20) suggested that the range of 
diffkrc~it stable hclix packings is achieved 
primarily by changes ill side-chain volumes 
rcsulting from amino acid substitutions. In 
the dynamics, it is thc corrclatcd motio~is of 
side chains that are in contact, plus the 
rearrangcmclits of loops, that makc possiblc 
thc observed hclix fluctuations. Different 
oositions within wells and transitions bc-
tween wclls for side chains (for cxan~ple, 
*60", 180" for x1) are involved. This is in 
accord with the results of high-resolutio~i x-" 
ray studies that show significant disorder in 
sidc-chain orientatio~is (27, 28). Further, 
correlated dihedral angle changes differcnti- 
atc the various minima; for examplc, for the 
B-E helix contact, residucs G ~ u ~ ~  (B), Leu6' 
(E) and va12' (B), Leu" (E) are involved in 
corrclatcd motio~is. Sincc more than one set 
of side-chain oricntations is consistent with 
a givc~i set of helix positio~is, dlc known 
globin crystal structures represent only a 
small subsct of the possiblc local minima. 

The comvlexitv of the conformational 
L > 

space and the existc~ice of multiplc minima 
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with small energy differences suggest that a 
protein is a disordered system that may havc 
glasslike properties at low temperanires (18, 
19). We focus here on one striking property 
of spin glasses, namely, thcir ultrametricity 
(15, 29, 30). For a random spin system, it 
has been shown (30) that for a set of replica 
strucrures (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 (but arbi- 
trary) value; the siw of the cluster depends 
on the choice of the overlap criterion. Such 
an ultrametric system is isomorphous with 
an evolutionaty tree (15, 29). To apply this 
concept to the myoglobin simulation, we 
consider each of the minimized stnicturcs 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) whcn all structures arc dis- 
joint, and the range (0 < rms < 1A) whcn 
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 structure per cluster; for rms = 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 havc tried 
others (for example, distance matrices) and 
have obtained corresponding results. 

It appears that ultramctricity is not a 
useful concept whcn 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)) arc ultrametric. 

Myoglobin at normal room temperanires 
samples a very large number of dXerent 
minima that 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 
hnctions of other proteins, including en-
zynles. There are solidlike microdomains (the 
helices), whose main-chain structure is rela- 
tively rigd, 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. Silicc the minima 
have similar energies, myoglobin is expected 
to be glasslike at low temperatures. Freezing 
111 of the liquidlike regions could result in a 
transition to the glassy state. 
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Construction of a Novel Oncogene Based on Synthetic 
Sequences Encoding Epidermal Growth Factor 

The autocrine model postulates that constitutive release of a mitogenic growth factor 
can lead to uncontrolled proliferation and cell transformation. A synthetic polynucleo- 
tide encoding epidermal growth factor conferred a turnorigenic phenotype on cells. 
These cells were transformed through the action of an autocrine circuit having an 
extracellular component. 

N EOPLASTIC TRANSFORMATION OF 

cclls by oncogenes and carcinogens 
results in the elaboration of growth 

factors (GF's) . These include transforming 
growth factors (TGF's), which arc able to 
induce some aspects of the transformed phc- 
notypc in nontransformed cclls ( I ) .  Since 
such factors may affect the behavior of the 
cell that has released them, these findings 
suggested an autocrine mechanism of trans- 
formation whereby production of TGF's by 
a cell leads to uncontrolled stimulation of its 
own growth (2). 

The role of TGF's in transformation has 
been difficult to assess because transformed 
cclls produce a number of factors that intcr- 
act 1n complex ways [for example, see (3)l 
and because the propcrtics of TGF's havc 
been studied primarily in culture. Furthcr- 
more, it remained unclear whether induc- 
tion of transformation is a special property 
of TGF's, or whether constitutive produc- 
tion of any mitogen bv cclls that can re-

u , 


spond to this mitogen is sufficient to induce 
tralslsformation. T~ address 
we have used an cxvrcssioll vcctor to induce 
constitutive produ;tion and secretion of ~ L I -

man epidermal growth factor (EGF). EGF 

was chosen for these studies bccausc the 
factor and its receptor are well characterized 
(4) and bccausc transformed cclls frequently 
produce TGF-a, a factor that binds to the 
EGF receptor and has nearly identical phys- 
iological propcrtics to those of EGF (5). 

The EGF expression vector, designated 
pUCDS3 (h ) ,consists of a murinc leukemia 
virus long terminal repeat (LTR) that con- 
tains promotcrienhancer sequences, an 
SV40 polyadenylation site, sequences en-
coding a mouse immunoglobulin heaw-
chain signal peptidc (7) (to cause secretion 
of the translation product), and chemically 
synthesized human EGF-encoding sc-
quences (originally designed for translation 
in Escherichia coli) (8) (Fig. 1) .  The immuno- 
globulin (Ig) signal peptide-encoding se-
quence was mutageniwd to create an Eco 
RI cleavage site (Fig. 1C). To rcconstnict 
the signal pcptidasc cleavage site, the 5' end 
of a 175-bp synthetic gene encoding EGF 
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