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The neurohypophyseal hormones oxy- 
tocin and vasopressin are biological 
transducers that mediate such processes 
as milk ejection, uterine contraction, 
vasoconstriction, and antidiuretic func- 
tions. Since duvigneaud's pioneering 
work in isolating and synthesizing these 
peptide hormones in the early 1950's (I), 
considerable effort has been made to 

hormone? How do these dynamic and 
conformational properties determine the 
messages transmitted by these mole- 
cules? 

These are questions we now address in 
our molecular dynamics study of the 
neurohypophyseal peptide hormone ly- 
sine vasopressin (Fig. I), one of a class 
of peptides characterized by a hexapep- 

Abstract. A theoretical methodology for use in conjunction with experiment was 
applied to the neurohypophyseal hormone lysine vasopressin for elucidation of its 
accessible molecular conformations and associated flexibility, conformational tran- 
sitions, and dynamics. Molecular dynamics and energy minimization techniques 
make possible a description of the conformational properties of a peptide in terms of 
the precise positions of atoms, their fluctuations in time, and the interatomic forces 
acting on them. Analysis of the dynamic trajectory of lysine vasopressin shows the 
ability of a flexible peptide hormone to undergo spontaneous conformational 
transitions. The excursions of an individual phenylalanine residue exemplifi the 
dynamic flexibility and multiple conformational states available to small peptide 
hormones and their component residues, even within constraints imposed by a cyclic 
hexapeptide ring. 

characterize their conformational and 
dynamic behavior. However, their in- 
trinsic flexibility and ability to assume 
diverse conformations (2) make charac- 
terization of their conformational behav- 
ior difficult and in some cases may lead 
to conflicting experimental results. 

Investigations of such peptides and 
related molecules provide a challenge to 
the biophysicist, whose efforts are di- 
rected toward elucidation of the intra- 
and intermolecular interactions that de- 
termine these conformations and dynam- 
ic properties (2-4). The interest in the 
conformation and dynamics of such 
molecules provides a common thread 
running through fields as diverse as 
structural biology, endocrinology, and 
biophysics (2). What are the conforma- 
tions accessible to the peptide molecule? 
What is the relation between these con- 
formations and the primary structure or 
amino acid sequence of the molecule? 
What are the intramolecular forces that 
determine these structural characteris- 
tics and the dynamic properties of the 

tide ring closed by a disulfide bond with 
the three remaining amino acids forming 
a tripeptide tail. The calculated trajector- 
ies of vasopressin resulting from this 
study show the nonapeptide to be a 
highly flexible molecule undergoing sev- 
eral spontaneous conformational transi- 
tions during the simulation. The various 
conformational states accessible to the 
molecule as well as the transitions have 
been characterized. Thus, we show that 
molecular dynamics can be used to char- 
acterize the dynamic transitions and con- 
formational equilibria of flexible peptide 
molecules. 

Lysine vasopressin (LVP) is thought 
to have a conformation in solution that is 
a time average of various low-energy 
molecular conformations in equilibrium 
(5). Thus, in this system, as in the liquid 
state, we must account for the ensemble 
of configurations accessible to the sys- 
tem. Two methods of computer simula- 
tion have been developed to explore the 
configuration space of such nonordered 
systems: the Monte Carlo method and 

have been used for studying the statisti- 
cal thermodynamics of liquids and also 
have been applied to biological systems 
(6, 7). Karplus has pioneered the applica- 
tion of the molecular dynamics tech- 
niques to the study of protein dynamics 
(6,8), and we have used the Monte Carlo 
method to study the structure of water 
surrounding proteins, peptide hydration, 
and oligopeptide conformational equilib- 
ria (9-1 1 ). 

Calculation of concerted atomic mo- 
tions in molecules. In molecular dynam- 
ics, as in the more common energy mini- 
mization procedure (12) or normal mode 
analysis (13), we express the potential 
energy, V, of the molecule in terms of an 
analytical representation of all internal 
degrees of freedom and interatomic dis- 
tances of the system (Eq. 1). This 
expression reflects the energy necessary 
to stretch bonds (b), to distort bond 
angles (8) from their unstrained geome- 
tries, and to generate strain in torsion 
angles (I$) by twisting atoms about the 
bond axis determining the torsion angle. 
Here&, a, He, H+, Hx, Fbb,, FOB,, Fbe, 
FbeOr, and Fxx, are force constants for the 
corresponding deformations; s defines 
the phase of the torsion potential; bo and 
go are the unstrained values of the bonds 
and angles, respectively; and r,  r, and q 
are the van der Waals radii, depth of the 
van der Waals potential, and partial 
atomic charges, respectively (12a). 

v = { ~ ~ [ l  - e-a(b - 60) 2 I - Db} 
+ 1/2 CHe(6 - 80)2 
+ 1/2 EH+(1 + s cosn4) + 1/2 CH,~' 
+ CCFbb*(b - bo) (b' - b,') 
+ CCFee,(8 - Oo) (6' - Oo') 
+ XXFbe(b - bo) (8 - Oo) 
+ C C C F + e o , ~ ~ ~ +  (8 - 8o) (8' - Ool) 
+ CCFXx~xx1 
+ ~ ~ [ 2 ( r * / r ) ' ~  - 3(r*/r16] + Xqiqjlr 

(1) 

In addition, as we know from vibrational 
spectroscopy and normal mode analysis, 
these internal deformations are coupled, 
and this is represented by the cross 
terms (terms containing two or more 
internal parameters, for example b and 
b' o r b  and 6). Finally, the nonbonded (or 
Lennard-Jones) and Coulomb interac- 
tions, representing steric repulsions, dis- 
persion (attraction), and electrostatic in- 
teractions, are given by the last three 
terms. 
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Having specified the potential energy 
of the molecule, we define its initial 
conditions; that is, we select a set of 
initial coordinates and velocities for each 
of the atoms. Once the initial conditions 
are given, Newton's equations of motion 
are integrated forward in time (Eqs. 2 
and 3). 

Fi = mai (2) 

where Fi is the force on atom i ,  ri repre- 
sents the (x,y,z) coordinates of atom i ,  mi 
is its mass, and ai is its acceleration. By 
integrating Newton's equation, we ob- 
tain the trajectory of the atom as a func- 
tion of time, much as we would calculate 
a missile's trajectory. In this way, we 
may follow the concerted motions of 
each of the atoms in the molecule as their 
velocities fluctuate in response to the 
forces exerted on them by the other 
atoms in the molecule. This is done in 
practice by calculating the forces, Fi, by 
taking analytical derivatives of the ener- 
gy, V, as given in Eq. 1. We then take a 
small time step of lo-'' second and, 
applying the acceleration, ai(t), as calcu- 
lated from Newton's law over this time 
period, we update the velocity and posi- 
tion of each atom in the peptide hormone 
by means of a Gear predictor-corrector 
algorithm (14). The forces and accelera- 
tions are then calculated at the new 
position, and the whole procedure is 
repeated, thus tracing the trajectories of 
the atoms and the associated conforma- 
tional fluctuations and transitions of the 
peptide hormone. We may then obtain 
statistical thermodynamic, spectral, and 
structural properties as appropriate time- 
averaged quantities, while dynamic 
properties such as structural fluctuations 
may be monitored directly by analysis of 
the trajectory or by viewing the hor- 
mone's conformational motion on an in- 
teractive graphics system or from a mov- 
ie (15). 

Generation and characteristics of ini- 
tial conformation. Thermalization. The 
dynamics simulation begins with an ini- 
tial structure derived from a conforma- 
tion postulated for oxytocin (16). The 
small residual forces in the molecule 
impart acceleration to each of the atoms, 
and these give rise to atomic motion. The 
velocities are scaled until they corre- 
spond approximately to room tempera- 
ture. The peptide then continues in con- 
stant motion, which is due to the thermal 
energy possessed by the atoms. The tra- 
jectory is determined by the temperature 
(or, equivalently, the kinetic energy) and 

the interatomic forces. Because one of 
our main aims is to explore the confor- 
mational space accessible to the mole- 
cule, we have included the results of the 
heating stage (the first 0.3 psec) in our 
discussion. 

Static versus dynamic structure. The 
difference between a static structure (for 
example, as represented by physical mo- 
lecular models or derived from the clas- 
sical procedure of energy minimization) 
and a dynamic system may perhaps best 
be appreciated by following the behavior 
of the peptide, seen through the value of 
the torsion angles, as a function of time. 
The temporal changes of the values of + 
and 3, for three residues in various loca- 
tions in the molecule are given in Fig. 2 
for the first 8 psec of the trajectory. The 
angles + and 9 are the internal coordi- 
nates that determine the structure of the 
backbone (these are the torsion angles 
about the bonds between the amide ni- 
trogen and the a carbon and between the 
a carbon and the carbonyl carbon; see 
Fig. 1). We see immediately that at room 
temperature the peptide molecule differs 
dramatically from the static structure 
represented by conventional molecular 
models. Even this simple representation 
of the motion reveals that the peptide 
chain undergoes both significant fluctua- 
tions and conformational transitions. We 
see from Fig. 2 and similar plots of the 
other residues that fluctuations of 40" are 
typical, and several transitions in back- 
bone angles of 100" are observed. A 
correlation between the dynamic behav- 
ior of the angles + and 9 of residues is 
apparent. As would be expected, the 
transitions characteristic of the individ- 
ual residues of the molecule are often 
concerted (cooperative). 

Dynamic fluctuations of individual 
residues. Proline (Fig. 2B) is unique 
among the amino acids in that its side 
chain comes back to form a covalent 
bond with the amide nitrogen, forming a 
pyrrolidine ring and removing the amide 
hydrogen (see Fig. 1). This ring forma- 
tion destroys the ability of the group to 
form hydrogen bonds and restricts the 
conformational space of the proline resi- 
due (17). We see the effect of this con- 
straint of the pyrrolidine ring on the 
oscillations about 4. The initial value of 
this torsion angle is -50" and rapidly 
equilibrates to approximately -80". Any 
correlation between the motions through 
+ and 4 is broken by the constraint on 4 
imposed by the ring, as would be expect- 
ed, and the amplitude of oscillation 
about + is smaller. The range of values 
for + in the first 8 psec (approximately 
-55" to -90") is consistent with ob- 
served values of this torsion angle in 

proline-containing peptide crystals (18). 
The motion about 3, is less restricted. 
The initial value of 3, is approximately 
-lo0, and a rotation through 90" at the 
bond results in a value of +80" over the 
course of the thermalization. Subsequent 
excursions of the residue result in 3, 
values as great as 180°, with oscillations 
occurring about a mean of roughly 140", 
from 2 to 6 psec. At 6 psec, 4 begins to 
shift gradually to a lower value (+80"). 

The lysine residue (Fig. 2C) also 
shows considerable flexibility. The tor- 
sion angle + starts at -160" and in- 
creases to more positive values for some 
2.5 psec because of a clockwise rotation 
about the bond between the a carbon 
and nitrogen; an oscillatory motion with 
a period of approximately 0.4 psec is 
superposed on this rotation. The angle 
reaches a maximum value at -40", corre- 
sponding to a net rotation of 120", and 
then returns to a value of approximately 
100", about which it continues to rotate. 
The rotation about 3, is again more pro- 
nounced. From an initial value of - 10", 
counterclockwise rotation about the 
bond between the a carbon and C' dur- 
ing thermalization results in a value of 
-100". It then drifts slowly toward less 
negative values as the rotational direc- 
tion reverses, again with a superposed 
oscillatory motion. At approximately 2.4 
psec it undergoes a sharp transition due 
to a rotation of some 180". This sharp 
transition occurs at roughly the same 
time as a large rotational motion in the 
pro7 residue (Fig. 2B) and corresponds 
to a diffusional motion of the tail with 
respect to the ring that is indicative of 
the mobility of this portion of the mole- 
cule. 

Snapshots of configurations. We can 
directly correlate the trajectories depict- 
ed in Fig. 2 with the fluctuations in the 
overall structure and conformation by 
considering individual configurations 
along the trajectory. Six snapshots (in- 
stantaneous configurations at various 
points along the trajectory, Fig. 3) give a 
clear picture of the conformational ex- 
cursions accessible to the LVP molecule 
and implied by the torsional fluctuations 
shown in Fig. 2. 

Initial structure. The initial structure 
(Fig. 3A) is characterized by a relatively 
planar hexapeptide ring, with the disul- 
fide bridge below the plane of the ring 
and the side chains of Gin4 and ~ s n '  
above the ring along with the tripeptide 
tail. The ~~r~ and phe3 side chains are 
both roughly equatorial to the ring, with 
the planes of the aromatic rings parallel 
and stabilized by a stacking interaction 
[which has been observed experimental- 
ly in aqueous solution (19)l. There are 
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several hydrogen bonds stabilizing the 
structure. The AS~'(NH) . . . T ~ ~ ~ ( c o )  
hydrogen bond forms a ten-membered 
ring and, along with the T ~ ~ ~ ( N H )  
. . . Asn5(CO) hydrogen bond, forms 
the classical hydrogen-bonded arrange- 
ment characteristic of p turns. The 
A s n S ( N ~ )  . . . ~ s n ~ ( C 0 )  intraresidue in- 
teraction is characteristic of a C5 ring or 
extended conformation for this residue, 
typical of a residue in a P-sheet structure 
[note that (+, $) for Asn5 is (- 163", 143") 
and for T ~ ?  is (- 15S0, 164')l. In addition 
the Gln4 amide forms a seven-membered 
hydrogen-bonded ring with the ~~r~ car- 

bonyl, corresponding to the phe3 residue 
in a C7 equatorial (Cqq) conformational 
state (see Fig. 4A). Another hydrogen 
bond between the Lys8 amide and the 
Cys6 carbonyl group forms a seven- 
membered hydrogen-bonded ring about 
Pro7 in the tail. The potential energy of 
this initial, partially minimized structure 
is 145 kcalimol. 

At 0.2 picoseconds. During the first 
0.2 psec (Fig. 3B) the structure has 
opened up considerably. The transannu- 
lar hydrogen bonds have been lost ex- 
cept for that in the C7 ring about the 
phenylalanine residue. The amino group 

Fig. 1 (left). Schematic representations of lysine vasopressin, showing 
a carbons located between the torsion angles I$ and JI of each 
residue. Fig. 2 (right). Plots of the torsion angles I$ and JI as 
functions of the time elapsed in the dynamics simulations for Tyr2 (A), 
Pro7 (B), and Lyss (C). Solid line, I$; broken line, JI. 

on Gly9 at the carboxyl terminal tail has 
come back, away from the ring, to form a 
hydrogen bond to the carbonyl group of 
Lys8. The hydrogen bond in the tail 
between the ~~s~ amide and the cys6 
carbonyl remains, reflecting a Cqq con- 
formational state for the proline residue, 
characteristic of proline residues in pep- 
tides (20, 21). The potential energy of 
this structure has decreased to 109 kcall 
mol as some of the stored strain energy 
has been converted to kinetic energy. As 
is seen from inspections of the figure, 
this is not due to better hydrogen bond- 
ing. Rather, the overall hydrogen bond- 

Time ( p i c o s e c o n d s )  
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ing or electrostatic interactions in this 
dynamic structure are less favorable 
than in the initial structure, but this 
effect is more than counterbalanced by 
the relaxation of valence and steric strain 
as  reflected in the valence and Lennard- 
Jones components of the energy, respec- 
tively. 

At 1.4 to 6.0 picoseconds. Significant 
conformational rearrangements continue 
to occur in the next four snapshots (Fig. 
3, C to F). In this part of the trajectory, 
the tail continues its movement away 
from the ring, exhibiting the high mobil- 
ity attributed to it in interpretation of 
nuclear magnetic resonance (NMR) 
spectra (5, 22, 23). At 1.4 psec, the side 
chain of Asn5 has come into contact with 
the tail, forming a hydrogen bond be- 
tween the amide of the Asn4 side chain 
and the carbonyl of pro7. Although Pro7 
is in the C$q state in both this conforma- 
tion and the previous ones, and although 

all conformations contain Lys8(NH) 
. . . Cys6(CO) hydrogen bonds, the spa- 
tial relations of the hydrogen-bonded 
functional groups now differ considera- 
bly, indicating the range of dynamic fluc- 
tuation and flexibility consistent with a 
particular structural feature. This gives 
an explicit picture in terms of dynamics 
of what may be meant at  the molecular 
level when a conformational state of a 
residue is assigned by experimental tech- 
niques such a s  infrared or  NMR spec- 
troscopy (2, 4). This point may be appre- 
ciated both by looking at  the respective 
conformations in Fig. 3 and from the 
variation of the angles + and 4 for the 
proline residue at  0.0, 0.2, and 1.4 psec 
in Fig. 2. The hexapeptide ring gradually 
assumes a bent conformation until, a t  6.0 
psec, it almost has an L shape. At this 
point the ten-membered hydrogen-bond- 
ed ring forms again at  A S ~ ~ ( N H )  
. . . T ~ ~ ' ( c o ) ,  which is characteristic of 

the p turn at  phe3-Gln4, but this time 
contained in a very different ring confor- 
mation. Another feature seen in Fig. 2 is 
the motion of the Gin4 side chain. 
Whereas this group started in a position 
folded back over the ring with the Tyr2 
and Phe3 side chains extended out, away 
from the hexapeptide ring in a stacked 
interaction, by 3.9 psec the ~ l n ~  side 
chain has moved to a position parallel to 
the two aromatic rings. 

Conformational transitions. The tra- 
jectory demonstrates the ability of the 
molecular dynamics technique to ac- 
count for molecular flexibility and to 
simulate a conformational equilibrium. 
In this conformational equilibrium the 
dynamic trajectory is taking the mole- 
cule through various conformational en- 
ergy minima. It  also demonstrates the 
ability of the peptide hormone as  a whole 
to induce individual residues into rela- 
tively unfavorable conformational states 

Fig. 3. Stereo figures of LVF, for the initial dynamics conformation (A) and after 0.2 psec (B), 1.4 psec (C), 2.7 psec (D), 3.9 psec (E), and 6.0 psec 
(F) of the dynamics simulation. 
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in order to lower the total energy of the 
molecule. This can be appreciated by 
focusing on the behavior of Phe3. An 
expanded plot of the temporal changes in 10 
the conformation of Phe3 (Fig. 4A) 
shows the three conformational states 
through which the residue oscillates and 0 

significant points along the trajectory. 
We have also mapped the trajectory of 
Phe3 onto the energy surface of an isolat- -60 

;ed phenylalanine residue, represented by 
the familiar contour plot of energy as a - 
function of I$ and JI (124 (Fig. 4B). Here, 3 
each point represents a pair of values for 
(I$, Q, the contours represent the energy 3 2 
at that point, and the trajectory over this . - 
energy surface is represented by the line % 
that connects sequential conformations , 20 as a function of time. Thus, the line 
represents the excursions of the phenyl- 
alanine residue in (I$, JI) space, and the .o -, 

i " : :.., 
transitions from the Cjq [(I$, JI), - (-80", - 
W)] to a-helical [aR; (I$, JI), - (-600, ., 3 !: - 5, 
-60011 to C7 axial [CY; (I$, JI), - (8V, . ": d 

0 - s? : . 
-W)1 conformations are readily appar- $ ../ , '; $ 

ent from this representation. b : 
We can also follow these conforma- -10 

tional transitions by considering the ste- 
reo structures in Fig. 3. From 0.0 to 1.4 
psec (Fig. 3, A to C) Phe3 is in the C$ 
state, illustrated also in Fig. 4A. The 0.0 4.0 1 -0 8.0 

carbonyl oxygen and amide hydrogen of 1 kno <piooraoonde) 
neighboring residues on either side of 
~ h t ?  [T~?(co) and Gln4(NH)] are hy- 
drogen bonded in all structures, and the 

carbon and phenylalanine side chain 
come out, away from the seven-mem- 
bered ring formed by this hydrogen 
bond, in an equatorial position (as in Fig. 
4A). A conformational transition occurs 
at around 1.5 psec (Fig. 4A), and by 3.9 
psec (Fig. 3E) the transition is complete, 
with the phenylalanine residue oscillat- 
ing in the a-helical conformation. The 
two peptide groups on either side of the 
a carbon of phenylalanine are now paral- 
lel. The two carbonyl groups [Phe3(CO) 
and Gln4(CO)] are also parallel and 
pointing below the hexapeptide ring, 
while the two amide groups [T~?(NH) 
and Phe3(N~)] are pointing above it in 
the characteristic a-helical orientation. 
This is a cooperative transition among 
various residues, as can be seen from 
Fig. 2 (and similar plots for the remaining 
residues), which shows that several resi- 
dues are simultaneously undergoing con- 
formational transitions. 

Transition of ~ h d  to the C;" confor- 
mation. The phenylalanine residue con- 
tinues to oscillate in the a-helical confor- 
mational state until almost 6 psec have 
elapsed. At this point it undergoes a 
rotation of some 120°, and the angle I$ for 
the first time assumes a positive value 
(Fig. 4, A and B). Another slight rotation 
IS MARCH 1985 
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r e d , b l u e , s n d ~ a r o u S e a f o r t h c ~ p e n l o d s O t o 2 , 2 t o 4 , 4 t o 6 , d 6 r O 8 p s a c ,  



at the same time changes the value o f  4 
from approximately -60" to -80". This 
transition brings Phe3 into the C';" con- 
formation. The peptide carbonyl and am- 
ide groups o f  neighboring residues are 
again oriented on the same side o f  the 
ring and pointing at each other (Fig. 3F 
and Fig. 4A). This forms a seven-mem- 
bered hydrogen-bonded ring incorporat- 

residue for 12 conformations along the 
dynamic trajectory. In addition we cal- 
culated the intraresidue energy in the 
minimized structures, that is, the stable 
minimum-energy structures about which 
fluctuations are taking place and in 
which the energy o f  the induced strain 
can be separated from the potential fluc- 
tuations in the dynamics structures (25) 

ing the same atoms as the Cqq structure (Table 1). Comparison o f  the minimum 
o f  the phenylalanine residue at the start energy o f  the isolated residue with that 
o f  the simulation. In this conformation, o f  the fragment from the minimized 
however, the bond between the a and P structure o f  the vasopressin molecule 
carbons is axial to this seven-membered allows assessment o f  the energetic con- 
ring, pointing above it, while in the Cqq sequences o f  the geometric constraints 
structure this bond points out, away imposed on the phenylalanine residue 
from the ring, in an equatorial position. due to its incorporation in the hexapep- 
The P carbon coming over the ring intro- tide ring. 
duces steric strain into the residue, and The intramolecular potential energies 
this conformation is o f  higher energy in o f  the dynamic structures (Table 1 )  fluc- 
the isolated peptide residue (24). tuate significantly because o f  the con- 

Induced conformational states. It is o f  stant interchange between kinetic and 
interest to determine the energy of  the potential energy in a molecule. As would 
phenylalanine residue in these different 
conformational states and, in turn, how 
much energy the LVP molecule must 
"pay" to bring the residue into the rela- 
tively unfavorable c u ~  and C';" conforma- 
tional states. These factors are related 
both to the energetics o f  ligand binding 
to receptors and to the design of  analogs. 
Inclusion o f  a fragment or residue into a 
larger molecule or binding to a receptor 

be expected, the lowest minimum-en- 
ergy conformation for the isolated, 
blocked phenylalanine residue is C y ,  
which is some 3 kcal more stable than 
either the C;;" or (YR conformation (26.2 
kcaVmol compared to 29.3 and 30.9 kcaV 
mol, respectively). The intraresidue en- 
ergy of  the phenylalanine residue in the 
minimized conformations o f  LVP varies 
from structure to structure even when 

can induce conformational changes in the residue occupies a particular confor- 
that residue. It is these forces which are mational state. For example, in the three 
responsible for the variety o f  conforma- minimized LVP structures, in which the 
tional states o f  peptide residues in differ- residue is in a C y  conformation, the 
ent sequences and the concomitant di- energy o f  the residue varies from 32.7 to 
versity o f  peptide structure. To  probe 33.3 kcalimol, whereas for those struc- 
this phenomenon we examined the in- tures in which the residue exists in the 
traresidue energies o f  the phenylalanine cuR conformation, its intraresidue energy 

Table 1. Intraresidue energies of the conformations of the Phe5esidue found in vasopressin. 
The phenylalanine residue includes the a carbon and amide group of the preceding residue and 
the a carbon and carbonyl group of the subsequent residue, which are blocking groups 
commonly used in determining energies of isolated amino acid residues. The minimum energies 
and torsion angles for isolated residues in the three conformational states found are as follows. 
C7 equatorial: 26.2 kcallmol and (+, I)), (-88", 97"); a-helical: 30.9 kcalimol and (+, $), (-78", 
-55"); C7 axial: 29.3 kcallmol and (4, $), (75", -69"). 

Time Energy (kcallmol) (+, $1 (degrees) 

( P S ~ C )  Dynamics Minimized Dynamics Minimized 

C7 equatorial conformation 
32.8 (-49, 54) 
32.7 (-81, 30) 
33.3 (-112, 78) 

a-helical conformation 
34.7 (-54, 100) 
35.3 (-77, 83) 
35.0 (-80, 54) 
35.4 (-58, -14) 
35.0 (-59, -48) 
35.4 (-31, -64) 

C7 a x i ~ ~ l  conformation 
34.9 (-51, -39) 
34.9 (35, -74) 
34.8 (48, -70) 

varies between 34.7 and 35.4 kcalimol. 
This occurs because the overall structure 
of  the entire vasopressin molecule differs 
for each o f  these structures, and 
these daerences in the rest o f  the mole- 
cule impose different strains on the phen- 
ylalanine residue even when the residue 
itself exists in the same conformational 
state. This is also reflected in the 
slight differences in the values o f  + and 
4. 

One o f  the most significant observa- 
tions, however, is the differences in 
strain energy induced in Phe3 in the LVP 
molecule when it occupies different con- 
formational states. Thus, it would appear 
that the residue is not accommodated as 
well when it is in the CSq state as when it 
is in the C y  or a~ conformation. The Cqq 
structure is strained by approximately 6 
to 7 kcalimol relative to its most stable 
isolated state in the LVP molecules (33 
kcaVmol in LVP compared to 26 kcali 
mol in the isolated residue), the C y  
structure is strained by about 5 kcalimol, 
and the (YR structure is accommodated 
with an induced strain o f  onlv 4 kcalimol. 
The consequence is that the energies o f  
these conformational states are brought 
closer together than in the minimized 
structure of  the isolated phenylalanine 
residue, making the higher energy con- 
formational states o f  the residue more 
accessible than would be estimated from 
their intrinsic, unstrained stabilities. 
This in turn contributes to an enhanced 
flexibility o f  this part o f  the vasopressin 
molecule. 

Local conformational energy minima. 
That the molecule is traversing various 
conformational states rather than under- 
going fluctuations about a single confor- 
mational state is clear from the large 
structural changes in the trajectories dis- 
cussed in detail above. W e  have con- 
firmed this, however, by minimizing the 
energy o f  numerous instantaneous con- 
figurations at different points along the 
trajectory and have thus demonstrated 
rigorously that these are indeed different 
conformational energy minima. At the 
same time, these minimum-energy struc- 
tures characterize the nature o f  the 
structural features about which the dy- 
namic fluctuations take place. These 
minimizations were alluded to in the 
discussion of  the transitions o f  the phe3 
residue (26). 

The ability o f  a molecule, especially a 
peptide with cyclic constraints, to induce 
individual residues to take relatively un- 
favorable or high-energy conformational 
states is an important consideration in 
interpreting experimental data such as 
N M R  or infrared spectra, in setting up 
theoretical models for elucidation o f  pos- 
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sible conformations of a molecule (27- 
30), and in the design of analogs that may 
differ in their ability to induce various 
states. The induction of a particular con- 
formation in a residue by the molecule as 
a whole, which would not obtain in the 
isolated residue, is formally the same 
process by which a receptor would in- 
duce otherwise unfavorable conforma- 
tional states in single residues or parts of 
the peptide hormone (and vice versa). 
Here, induction would take place by 
minimizing the free energy of the hor- 
mone-receptor complex as a whole. 
Thus, detailed examination of this pro- 
cess may provide insight into how and 
what induced conformational states may 
arise. 

Conclusions. We have shown how 
analysis of a dynamic trajectory obtained 
from a molecular dynamics simulation 
can provide some insight into the confor- 
mational fluctuations that characterize a 
flexible peptide hormone. The dynamic 
structure is rich in conformational transi- 
tions and differs considerably from the 
picture obtained from classical calcula- 
tions of conformational energy for a sin- 
gle static structure or even for two or 
three well-defined static minimum-ener- 
gy structures in equilibrium. We have 
minimized the energy of the structures 
along the trajectory to confirm that the 
molecule is passing through distinct con- 
formational energy minima and to char- 
acterize these minima about which fluc- 
tuations are taking place. These results 
represent only a short trajectory; a much 

longer simulation (100 to 1000 psec) 
needs to be camed out. To make valid 
comparisons with experimentally ob- 
served properties for this and other sys- 
tems, it will be necessary to carry out a 
simulation in an aqueous environment by 
explicitly including several hundred wa- 
ter molecules (or an appropriate organic 
solvent). Such a simulation is significant- 
ly more computationally expensive, but 
certainly feasible with the current gener- 
ation of computers (9, 11, 31-33). Final- 
ly, continued efforts must be made in 
further testing and refinement of the ana- 
lytical energy expressions for these sys- 
tems. The energy expression is the basis 
from which all properties are ultimately 
derived. An intensive effort is needed to 
simulate numerous other properties that 
are amenable to experimental measure- 
ment and to extend and refine further the 
energy expression itself. 
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