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ConfOrmutional una1.vsi.s ofthe neurohypophyseal hormones oxytocin (OT) and arginine-vaso- 
pressin ( A  VP) has been carried out using two different computational approuche.s and three 
ji~rce .fields, numely bj3 the Electrostutically Driven Monte Carlo (EDMC) method, with the 
Empirical Confimnutional Energy Progrum for Peptides (ECEPP/3) force$eld or with the 
ECEPP/3 jbrcejield plus u hydration-shell model, und by simulated-annealing molecular d.v- 
namics with the Consistent Valence Force Field (CVFF). The low-energy conformations ob- 
tuined,fi)r both hormones w r e  classijed using the minimal-tree clustering algorithm und char- 
acterizedaccording to the locations ofP-turns in the cyclic moieties. Calculations with the CVFF 
,fi)rce.field located confi,rmations with u P-turn at residues 3 and 4 as the lowest energy ones 
both jbr OT und,fbr A VP. In the ECEPP/3forcefield the lowest energy conjbrmarion qf’OT 
contained a @-turn at residues 2 and 3, confirmations with this location ofthe turn being higher 
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in energy,for A VP. The latter diffrence can be attributed to the difierence in the size efthe side 
chain in position 3 oJthe sequences: the bulkier phenylalanine residue ($A VP in combination 
with the bulky Tyr2 residue hinders the formation ofa turn at residues 2 and 3. ConJi,rmation.s 
o f O T  and A VP with a turn at residues 3,4 were in the best agreement with the x-ray .structures 
of deaminooxytocin and pressinoic acid (the cyclic moiety of vasopressin), respectivelv, and 
with the nmr-derived distance constraints. Generally, the low-energy confiirmations obtained 
with thr hydration-shell modd were in a better agreement with the expmimental data than 
the con/brmutions calculated in vaciio. It was found. however, that the obtained low-energy 
conformations do not satisjj all ofthe nmr-derived distance constraints and the nuclear Over- 
hauser effect pattern observed in nmr studies can be,fully explained only bji assuming a dynamic 
equilibrium between conjbrmations with p-turns at residues 2,3, 3,4, and 4,5. The low-energy 
structures of O T  with a @-turn at residues 2,3 have the disulfide ring conformations close to the 
modd proposed recently jbr a potent hicyclic antagonist of O T  [ M .  D. Shtwk.rovich et al. 
(1994) Polish Journal ofchemistry, Vol. 25,pp. 921-9271, ullhoiigh thenative hormonedifiw 
jrom the hicyclic analogue by the confiirmution ofthe C-terminal tripeptide. This.finding con- 
,firms the hypothesis ofdiffwnt receptor-bound confi)rmations of agonists and aniagonisrs yf '  
OT. 0 I996 John Wiley & Sons, Inc. 

INTRODUCTION 

The neurohypophyseal hormones oxytocin (OT)  
and vasopressin (VP),  whose primary structures 
are H- cyclu[ Cys-Tyr-X-Gln-Asn-Cys ] -Pro-Y-G1 y- 
NH2, where X = Ile and Y = Leu for oxytocin, and 
X = Phe and Y = Arg or Lys for arginine-vasopres- 
sin ( AVP) or lysine-vasopressin (LVP), respec- 
tively, regulate many physiological functions in 
vertebrates. Their primary hormonal actions are 
uterine contraction and milk ejection (char- 
acteristic of OT), as well as blood-pressure regula- 
tion and antidiuresis (characteristic of VP). Both 
the parent hormones and their analogues have 
been subjects of extensive physiological and struc- 
ture-activity studies, which were aimed at explain- 
ing the mechanisms of their action, as well as in- 
vestigating the influence of primary-structure 
modifications on their activities (see Refs. 1-3 for 
reviews). Among these, conformational studies are 
very important, because estimating the possible bi- 
ologically active conformations of the hormones is 
a prerequisite to drawing any conclusions about 
their mechanisms of action at the molecular level. 

Numerous conformational studies were carried 
out in order to determine the three-dimensional 
structures of OT, VP, and their analogues using ex- 
perimental techniques ( CD, 7 3  fluores- 
cence spec t ros~opy~- '~ ) ,  theoretical methods 
[molecular mechanics (MM)  I4-l9 and molecular 
dynamics (MD)*',*' 1 ,  and combined approaches 
that employ the information provided by experi- 
mental data in theoretical calculations based on 
empirical force  field^.*^-^' The crystal structures of 
deaminooxytocin 32 and pressinoic acid (the cyclic 

moiety of v a s ~ p r e s s i n ) ~ ~  also have been deter- 
mined. 

Many of the experimental and theoretical stud- 
ies suggest that the conformation of oxytocin and 
vasopressin, as well as of many of their analogues 
can be characterized by a @-sheet-like structure in 
the N-terminal cyclic hexapeptide with a @-turn 
conformation at residues 3 and 4 that is stabilized 
by two hydrogen bonds: Asn ' ( NH ) . . . Tyr ( CO ) 
and Tyr2 ( NH ) . . . Asn ( CO) . This was proposed 
first by Urry and Walter in their model of the bio- 
active conformation of oxytocin derived from nmr 
data34; the authors assumed that the spatial prox- 
imity of the Tyr' and Asn side chains implied by 
this type of conformation might be important for 
binding the hormone to the receptor and to further 
signal transduction. The crystal structures of dea- 
minooxytocin and pressinoic acid also contain @- 
turns at residues 3 and 4. Recent combined nmr 
and MD studies of OT,25 LVP,26 AVP,24 and its 
antagonist [ Cpp ' , Arg*] VP (where Cpp is 0'-mer- 
capto-@,@-cyclopentamethylenepropionic acid)24 
have found that this type of conformation satisfies 
the nmr-derived distance and dihedral-angle con- 
straints. A @-turn at residues 3 and 4 is also a com- 
mon feature of the low-energy conformations of 
oxytocin, vasopressin, and their analogues found 
in almost all of the theoretical conformational 
studies that have been carried out with different 
force fields and different modes of geometry opti- 
mization.'s-18.2 

Although nmr data suggest a considerable con- 
tribution of conformations with a @-turn at resi- 
dues 3 and 4 in solution, the possibility that other 
types of conformations occur in different environ- 
mental conditions cannot be excluded. An early 
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work by Brewster and Hruby3' had shown consid- 
erable conformational mobility of OT. Quite 
different models of the conformations of OT and 
its analogues have been proposed based on nmr 
data. A model with the 0-turn at the residues 2 and 
3 of OT was postulated by Brewster et al." A com- 
bined nmr and MD study by Lippens et aL3' on 
neurophysin-bound oxytocin suggests that in this 
state OT can assume conformations with a turn at 
residues 4 and 5; a similar conformation was also 
found in an earlier work by Sarathy et aL3' A con- 
formation with a y-turn at the Gln4 residue was 
proposed by Mosberg et al.37 for the Pen '-contain- 
ing antagonists of oxytocin where Pen denotes pen- 
icillamine ( a-amino, /3'-mercapto, 0,P-dirnethyl 
propionic acid). Recent conformational stud- 
ies30,38 of the potent bicyclic oxytocin antagonist 
[Mpa' ,  cyclo(Glu4, L ~ s ~ ) ] O T ~ ' , ~ '  (where Mpa is 
P-mercaptopropionic acid), carried out with the 
use of nmr spectroscopy, molecular mechanics, 
and molecular dynamics, have shown that confor- 
mations with a @-turn at residues 2 and 3 should 
definitely prevail in DMSO. Finally, the theoretical 
studies, which were not based on experimental 
data, but employed exhaustive buildup procedures 
in search for low-energy conformations, ' ' - ' 8 , 2 '  

have found conformers with 0-turns located at res- 
idues 2 and 3 or 4 and 5 among the lowest energy 
conformations of OT and VP. 

Although the theoretical studies of OT and VP 
carried out so far provided quite a wide spectrum 
of low-energy conformations that may contain the 
putative receptor-recognized conformations, the 
biologically active conformations of OT and VP 
have not yet been determined and the models 
suggested in several studies contradict each 

It should also be noted that most 
of these studies were carried out when both com- 
putational resources and methods of searching the 
conformational space of polypeptides were much 
less developed than today. The force fields used in 
the calculations were also less advanced. Therefore, 
we thought it worthwhile to carry out conforma- 
tional search of OT and AVP using two recently 
designed techniques: the Electrostatically Driven 
Monte Carlo (EDMC) m e t h ~ d ~ ' - ~ ~  that uses the 
ECEPPI 3 ( Empirical Conformational Energy Pro- 
gram for Peptides) force field4' and molecular dy- 
namics with simulated annealing in the CVFF 
(Consistent Valence Force Field) force field.46 A 
part of our calculations did not include hydration, 
so the obtained results can simulate the conforma- 
tion of OT and AVP in nonpolar environment. Be- 
cause recent experimental data of OT and VP re- 

other.30.3 I ,34.36.38 

ceptors suggest that their hormone-binding sites 
are largely nonpolar,47 we can anticipate that this 
part of our study can give the sets of possible recep- 
tor-bound conformations. The second part of 
EDMC calculations was carried out with the 
ECEPP/3 force field where the effect of hydration 
was included by means of a hydration-shell 
m ~ d e l . ~ ' . ~ ~  These calculations should better ap- 
proximate the conditions in which the experimen- 
tal data of the compounds studied were obtained. 
Further, we thought it worthwhile to study the in- 
fluence of hydration on the conformation of small 
peptides for which extensive exploration of the 
conformational space is now feasible. 

METHODS 

EDMC Calculations 

Let us briefly describe the EDMC ~ n e t h o d . ~ ' - ~ ~  Starting 
from an arbitrary conformation, a single local energy 
minimization is carried out, and then a new conforma- 
tion is generated by perturbing the dihedral angles of the 
energy-minimized starting conformation. The energy of 
the perturbed conformation is subsequently minimized. 
If the new energy-minimized conformation is similar in 
shape and in energy to the starting conformation, it is 
discarded. Otherwise, the energy of the new conforma- 
tion is compared with the energy of the parent confor- 
mation. Ifthe new energy is lower, the new conformation 
is accepted unconditionally, otherwise the Metropolis 
criterion is applied in order to accept or reject the new 
conformation. If the new conformation is accepted, it re- 
places the starting one; otherwise another perturbation of 
the parent conformation is tried. The process is iterated, 
until a sufficient number ofconformations have been ac- 
cepted. When the dihedral angles are perturbed in a ran- 
dom way, the method is called Monte Carlo with mini- 
mization, which has been found to be a very efficient 
method in locating the lowest energy conformations of 
small pep tide^.^^,^^ This method can be made yet more 
efficient, if a fraction of the dihedral-angle perturbations 
is aimed at optimizing the alignment of local peptide- 
group dipoles with the electrostatic field of the remaining 
part of the molecule: this modification defines the 
EDMC method. Details of the procedure can be found 
in the references ~ i t e d . ~ ' - ~ ~  

Because the molecules under study are cyclic systems, 
we augmented the EDMC procedure with a constrained- 
sampling algorithm developed in an earlier work." This 
algorithm assures that the disulfide bridge will not be bro- 
ken while changing the backbone dihedral angles. First, 
it makes a perturbation of the selected dihedral angle( s )  
and then, keeping the perturbed angles fixed at the new 
values, it adjusts the remaining angles using a least- 
squares procedure so as to satisfy the distance constraints 
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that ensure ring closure. Without applying the above- 
mentioned least-squares procedure, the dominant con- 
tributions to  energy would frequently come from the har- 
monic ring-closure potentials, and energy minimization 
would first attempt to reduce these terms at  the expense 
of the other energy contributions. As a result, the mini- 
mization could either be trapped in a high-energy local 
minimum or restore the initial conformation. In both 
cases the perturbation would be rejected. Therefore, the 
constrained-sampling algorithm helps to  maintain a rea- 
sonably high conformation-acceptance rate for cyclic 
moIecuIes.s" 

The conformational energy was evaluated using the 
ECEPP/3 force field,4s which is the latest development 
of the  ECEPP/2 force field.51.52 This force field employs 
rigid valence geometry. The hydration energy was evalu- 
ated using a hydration-shell model with a solvent sphere 
radius of 1.4 A and atomic hydration parameters 
that have been optimized using nonpeptide data 
( SRFOPT).43.44 The runs and results obtained using the 
plain ECEPP/3 force field will hereafter be referred to  as 
the in vacuo runs and results, while those obtained using 
ECEPP/3 supplemented with the SRFOPT model will 
be referred to  as hydration-shell runs and results. 

Each EDMC run was terminated after 1000 energy- 
minimized conformations had been accepted. The pa- 
rameters controlling the runs were as follows: a tempera- 
ture of 1000 K, maximum number of allowed repetitions 
of the same minimum = 50, and maximum number of 
rejected conformations until a temperature jump is exe- 
cuted = 100. The comparatively high temperature ( 1000 
K )  was chosen as a compromise that both ensured a rea- 
sonably high conformation-acceptance rate of 25-30% 
and provided against accepting too many conformations 
with a high energy. A recent extensive study of model 
polypeptide chains" has shown that the global mini- 
mum is reached in the shortest time, if the acceptance 
rate is close to  25%. 

Four in vacuo EDMC runs were carried for each com- 
pound. For both OT and AVP, one run was started from 
a crystal-like backbone conformation with the type 111 @- 
turn at residues 3 and 4 found in previous studies 18.19.28 

and another one from the backbone conformation with 
the type I11  @-turn at residues 2 and 3 that was found by 
Shenderovich et a1.2y.30 (see also Ref. 38) to  be the one of 
the lowest energy conformations of [ M p a ' ,  cyclo(Glu4, 
Lys8) ]0T.  The  two other runs were started from con- 
formations with randomly generated dihedral angles. 
Because each ofthese runs resulted in very similar low- 
energy conformations, in the case of hydration-shell 
calculations, which require about twice as much com- 
putation time, we carried out only two runs for each 
compound, starting from randomly generated confor- 
mations. In all calculations a truns configuration was 
assumed for the proline peptide group ( a n d  also for 
all other peptide groups), based on  the fact that n m r  
studies of OT and VP have shown that the cis config- 
uration of proline is poorly p o p ~ l a t e d . ~ ~ ~ ~ ~ ~ ~ '  A total 

of about  3500-4000 energy-minimized conformations 
were generated in each run. 

In order to  describe the conformations obtained in 
the EDMC and MD simulations (see the next section), 
we used the conformational code suggested by Zimmer- 
man et al." In addition to  this, conformations were char- 
acterized by the positions and types of @-turns in the cy- 
clic part of a molecule; this description has been found 
very useful in our previous  paper^.",^'-^^.^^ A turn was 
assigned to  residues i + 1 and i + 2, if the distance be- 
tween Cp and Cy+3 was less than 7.0 A.s8 The turn loca- 
tions are defined hereafter by the position of residues i 
+ 1 and i + 2 in the amino acid sequences of OT and VP. 
Turn types were defined according to  Lewis et aL5' 

The conformations obtained in EDMC simulations 
were analyzed in terms of the distributions of conforma- 
tional energies and the deviations of the conformations 
from appropriate crystal  structure^^^.'^ or nuclear Over- 
hauser effect (NOE) derived distance constraints2'.*' and 
classified using cluster analysis. The first type of analysis 
enabled us to  derive some conclusions about the general 
properties of the conformational ensembles of the mole- 
cules studied, while clustering enabled us to  define the 
classes of conformations representative for OT and AVP, 
as well as to  find similarities between the conformations 
of these two molecules. The distributions of energy and 
properties were calculated separately for conformations 
with a &turn in positions 2,3, 3,4 and 4,5 of the cyclic 
part. Therefore, for a given compound and a given force 
field there are three different distributions of energy or a 
property; conformations that contained more than one 
@-turn were included in all respective distributions. The 
distributions of energy are defined as follows: 

( 1 )  
AN,( E, 5 E < E, + AE)  

NAE 
p,(E,  I E < E, + A E )  = 

where AN,( E,  5 E < El + A E )  is the number of confor- 
mations with a turn at  positions denoted by the index t 
within the energy interval E, i E < E, + AE and N is 
the total number of conformations obtained for a given 
compound in a given force field. AE = 1 .O kcal/mol was 
assumed. For a property X defining the deviation from 
experimental data, the definition is almost the same, ex- 
cept that conformations with energy within 10 kcal/mol 
above the global energy minimum were counted in the 
numerator of the expression: 

pl(X,  I X <  X ,  + A X )  

AN,(X, 5 X <  X ,  + A X ;  E I 10 kcal/mol) 
NAX 

( 2 )  
- - 

The value of A X  was taken as 0. I A for the rms devia- 
tions from crystal data and 0.05 A for the deviations 
from the NOE-derived distance constraints. 

Cluster analysis of the conformations obtained in the 
EDMC runs was carried out using the minimal-tree al- 
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gorithm.” The rms deviation obtained at the best-fit su- 
perposition of cyclic moieties of two structures was taken 
as a measure of the distance between the conformations. 
The rms deviations were calculated over the nonhy- 
drogen backbone atoms, as well as C4 and Sy atoms of 
the cyclic moieties (residues 1-6) of the compounds 
studied. Trial clustering with the rms deviations of all 
backbone heavy atoms did not result in satisfactory divi- 
sion of the conformation sets, because C-terminal tripep- 
tides of OT and AVP are much more mobile than the 
cyclic moieties and complete backbones usually super- 
pose closely only for a few very similar conformations. 
The cluster analysis was camed out in three stages. In the 
first stage, conformations from each run were clustered 
separately, using an rms cutoff of 0.5 ,& to separate the 
families. The lowest energy conformation of each family 
was considered as a representative of the entire family. 
Families with energies more than 10 kcal/mol above the 
lowest energy found in a given run were discarded. Sub- 
sequently, for each compound in each of the two force 
fields, the representatives of families from different runs 
were collected and clustering was repeated with an rms 
cutoff of 0.7 A. The families of energies more than 10 
kcal/mol above the global energy minimum of a given 
compound in a given force field were discarded. This 
gave representative low-energy conformations for a 
given compound and for a given force field (i.e., ECEPP/ 
3 or ECEPP/3 + SRFOPT). Then, a final cluster analy- 
sis was carried out on the united set of representative 
conformations of all compounds and all force fields us- 
ing an rms cutoff of 0.85 A. The rms cutoff values were 
chosen so as to correspond to minimum reordering en- 
tropy, which has been suggested as a criterion for an op- 
timal clustering.6” At this final stage 39 families of con- 
formations were selected, each of which could generally 
include both the conformations of OT and AVP ob- 
tained with the two force fields. In each family, the lowest 
energy conformations of each compound in each force 
field were chosen to represent this family; these confor- 
mations will hereafter be referred to as the leading mcwz- 
hers of the respective families. A family may be repre- 
sented by up to four leading members, if it contains con- 
formations of OT and AVP in two force fields with 
energies less than 10 kcal/mole above the respective 
global minima. For each family we have also estimated 
its “diameter” (A,) defined as the maximum rms devia- 
tion within this family [ Eq. ( 3 ) ] .  

where the indices i a n d j  run over the conformations that 
belong to family F and ~3,,;~ is the rms deviation between 
conformations i and; of family F.  Note that AF is a mea- 
sure of diversity of conformations belonging to the same 
family, and it is not equal to the rms criterion used to 
separate families. 

Molecular Dynamics 

MD simulations of oxytocin and vasopressin were car- 
ried out using the CVFF force field.4h The procedure was 
as follows, After the molecules of OT and AVP were 
built, several random conformations were generated and 
energy minimized. These conformations were then ran- 
domized again by setting random velocities and carrying 
out MD simulations for a period of 0.1 ps at a tempera- 
ture of T = 1000 K. The average conformations obtained 
from these calculations were used as starting points for 
another 5 ps of MD simulations at T = 1000 K. The pur- 
pose of the high-temperature MD was to explore confor- 
mational space extensively. In order to obtain low-en- 
ergy conformations, an annealing procedure was subse- 
quently applied to each average conformation obtained 
in the high-temperature simulations. The annealing was 
carried out as a slow cooling down of a structure from 
1000 to 300 K during a period of 0.2 ps, followed by a 5 
ps MD run at 300 K. The last step of the annealing pro- 
cedure was energy minimization. Using such an ap- 
proach, we collected 20-40 conformations for a given 
starting geometry, which gives a total of 200-400 ps of 
simulation time. 

In order to systematize the results of these calcula- 
tions, a cluster analysis was carried out, based on the rms 
deviation between the positions of the heavy atoms of the 
superimposed conformations. Conformations with rms 
deviation less than 0.8 A from each other were consid- 
ered to belong to the same family. Based on the results of 
similarity analysis, two kinds of families of conforma- 
tions were selected as representative for each compound: 
the family containing the lowest energy conformation 
and the family containing the greatest number of confor- 
mations (i.e., the most populated one). The lowest en- 
ergy conformations from these families are hereafter re- 
ferred to as the lowest energy and the most probable con- 
formation, respectively. 

Comparison of Calculated Conformations 
with the Available Experimental Data 

The distances between the calculated conformations of 
OT and AVP and the crystal structures of deamino- 
oxytocin 32 and pressinoic acid, 33 respectively, were de- 
fined as the rms deviations of coordinates of nonhy- 
drogen backbone atoms, as well as C4 and S y  atoms at 
optimum superposition of the respective conformations. 
Because two conformers of deaminooxytocin with the 
opposite disulfide bridge chiralities (i.e., with the oppo- 
site signs of the dihedral angle C@ - S y  - S y  - C@) were 
found in the crystal unit, 32 each calculated conformation 
of OT was superposed with the crystal conformer that 
has the same disulfide bridge chirality as the conforma- 
tion considered. 

The deviations from nmr-derived distance con- 
straints for OT, ’s LVP, 26 and [ Mpa ’, cycle( Glu4, 
Lyss)]OT (Refs. 30 and 38) were calculated as the rms 
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deviations of the interproton distances in the conforma- 
tion considered from the upper bound imposed by NOE 
data, as given by Eq. (4 ) .  

“d 

rmsd, = \ / ( l / n d )  k = l  2 Sf, (4)  

with 

d,, - dim‘, if d,, > dim‘ 
otherwise, 

611, = 

where dlk is the kth interproton distance in the ith con- 
formation, dzmr is the corresponding upper limit dis- 
tance estimated from NOE data, and nd is the number 
of distance constraints. 

The distance constraints derived from NOES involv- 
ing side-chain protons can be subject to systematic 

ifthe effects of motion are neglected when dis- 
tances are calibrated from NOE data. The experimental 
data obtained from the l i t e r a t ~ r e ~ ~ . ~ ‘  do not include the 
effects of motion in the calibration of distances. There- 
fore, we consider only those upper bounds that involve 
distances between the backbone and H B  protons. An- 
other reason for this was that our results refer to energy 
minima and the flexible side chains are frozen in their 
minimum-energy conformations, while in reality they 
fluctuate over the neighborhood ofthis minimum, which 
can result in substantially different average interproton 
distances. The constraints that were obtained from mea- 
surements at mixing times greater than 200 ms also were 
deleted, because of the possibility of spin diffusion at 
these longer mixing times.63 

Two energy cutoff levels were used in selecting the 
conformations to be compared with crystal structures 
and NOE distance constraints. Based on a comparison of 
energy differences between similar conformations energy 
minimized in the ECEPP and AMBER force fields, we 
have concluded in an earlier study” that the “standard 
deviation” of energy is about 2.5 kcal/mol for peptides 
of the size of OT and VP. Therefore, the “uncertainty 
interval” can be estimated as two times the “standard 
deviation” of energy, i.e., 5 kcal/mol. This value was 
taken as the lower cutoff criterion for the selection of 
conformations, whose energies are indistinguishable 
within the margin of error from the lowest energy con- 
formation of a given compound in a given force field. 
In the cases when no conformations satisfying the above 
energy criterion gave reasonably low rms deviations 
from the crystal structures or NOE distance constraints, 
conformations satisfying the higher energy cutoff of 10 
kcal/mol also were considered. 

RESULTS 

EDMC Results 
Characteristics of the leading members of six se- 
lected families of conformations obtained in the 

final stage of the cluster analysis (see the section 
on EDMC calculations) are summarized in Table 
I and 11. (The data of all the families are available 
from the authors.) The families shown in the tables 
were selected to comprise the lowest energy confor- 
mations of the molecules studied or low-energy 
conformations (within 10 kcal/mol above the low- 
est energy one) that fit better than others to partic- 
ular set of experimental data. The first four families 
in Tables I and I1 contain conformations of OT or 
both OT and AVP satisfying any of the two above 
criteria, while the last two families contain confor- 
mations of AVP satisfying these criteria. Table I in- 
cludes sizes and diameters of these families, the 
conformational energies of their leading members, 
and numerical characteristics of the comparison of 
the leading members with the experimental data, 
while Table I1 lists selected conformational de- 
scriptors. 

Energy Analysis. The lowest energy conforma- 
tions of OT obtained with both force fields belong 
to family 1 (see Tables I and 11). The same is true 
for family 5 ,  which contains the lowest energy con- 
formations of AVP. The two families differ in the 
location of @-turns in the cyclic part, which are in 
positions 2,3  and 3,4 for family 1 and in positions 
3,4 and 4,5 for family 5. The presence of two con- 
secutive turns in the cyclic part indicates that con- 
formations of both families are considerably 
folded. In particular, the conformations of family 
5 contain one turn of an a-helix at residues 3-5 
stabilized by a 5 + 1 type hydrogen bond between 
Cys6( NH) and Tyr’(C0). The superposed lowest 
energy vacuum and hydration-shell conformations 
of OT (family 1 ) and AVP (family 5 )  are shown 
in Figures 1 and 2, respectively. These figures also 
illustrate the result of the introduction of the hy- 
dration-shell model: in the vacuum force field the 
acyclic tail of both molecules tends to approach the 
cyclic part to form the maximum number of intra- 
molecular hydrogen bonds, while with the hydra- 
tion-shell force field the tail favors the conforma- 
tions with the exposed polar groups. Note that in 
the hydration-shell model, the guanidinium group 
of Arg’ in AVP is exposed to solvent (Figure 2),  
while the hydrophobic side chain of Leu ’ in OT is 
turned toward the backbone of the cyclic moiety 
(Figure 1 ). 

The difference between the lowest energy fami- 
lies of OT and VP conformations reflects a general 
difference between the preferred turn locations in 
the cyclic moieties of these molecules. Figure 3 
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Table I1 Conformational Codes and the Positions and Types of the @-Turns in the Cyclic Moiety of the 
Conformations of Table I 

OT(v) O W )  W V )  W h )  

Conformational Con formational Con formational Con formational 
No. Code" &Turn( s)' Code" ($Turn( s)b Code" B-Turn( s)' Code" ,&Turn(s)b 

1 G D A * A F C G  2 , 3 I V  A D A * A F C A  

2 E A A E D A A  3,4111 F A A E F A G  

3 Absent A G G C F A D  

3.4 I11 

4 , s  IV 

4 B B E C E A C  2 , 3 I V  G A F C F A G  
5 F A A A D C G  3,4111 F A A A F C C  

6 Absent Absent 
4, 5 I11 

2 , 3 1  A C A * A F C A  

3, 4 I11 Absent 
3 , 4  I' 

2, 3 I11 Absent 
3 , 4  IV 
4 , 5  IV 
2,3111 D D E C E A A  
3,4111 F A A A D C C  
4, 5 I11 

Absent 

2 , 3 1  A G D A D A E  
3.4 11 

E A A E E C A  

Absent 

2 , 3 I V  A A F C F A E  
3,4111 F A A A D C A  
4, 5 111 

A F A C C A A  

2.3 111 
3 , 4  1V 
3.4 111 
4.5 IV 

2. 3 111 
3 , 4  I11 
4.5 I 
4, 5 I 

a For residues 2-8: assigned according to Zimmerman  eta^^' 
' The position(s) and type(s) of the &turn(s) in the cyclic hexapeptide: see text for explanation. 

shows the distributions of energies of the confor- 
mations containing the turns in positions 2,3, 3,4, 
and 4,5 [see Eq. ( 1 ) for definition]. For OT in the 
hydration-shell model, the low-energy conforma- 
tions containing the p-turns 2,3 and 3,4 clearly out- 
number those with the turns in positions 4 3 .  In 
contrast, for AVP in both force fields the confor- 
mations with 3,4 and 4,5 turns are in the low-en- 
ergy parts of the graphs, while the conformations 
with 2,3 turns are shifted toward higher energies. 
The situation is not so clear for OT in the vacuum 
force field: the conformations with 4,5 turns domi- 
nate in the low-energy part ofdistribution in Figure 

3c, though the lowest energy conformation con- 
tains a 2,3 and not a 3,4 turn (Table 11). Regardless 
ofthis, the graphs in Figure 3 clearly show that con- 
formations with 2,3 turns are less favorable for VP 
than for OT. Simiiar conclusions were drawn by 
Spasov and Popov.'"" These authors also have 
found that conformations with a turn at residues 
2,3 were low-energy ones for OT, but not for AVP. 

The difference in populations of low-energy 
conformations of OT and VP with a turn at resi- 
dues 2 and 3 must be caused by the local steric 
effects of Ile and Phe residues in position 3, which 
are the only different residues in the cyclic moieties 

FIGURE 1 
shell model (heavy lines) superposed on  the cyclic part. 

The lowest energy conformations of OT in vacuo (thin lines) and hydration- 
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FIGURE 2 The lowest energy conformations of AVP in vacuo (thin lines) and hydration- 
shell model (heavy lines) superposed on  the cyclic part. 

of OT and VP. The Phe residue is bulkier than Ile 
(the average van der Waals radii of these residues 
were estimated to be 6.8 and 6.2 A, r e~pec t ive ly~~) .  
Moreover, the bulky aromatic rings of Tyr and Phe 
are at the same average distance from the back- 
bone, while the less bulky side chain of Ile can ap- 
proach closer to the backbone. Therefore, there is a 
higher probability of a steric overlap between the 
side chains of Tyr and Phe when they are corner 
residues in a @turn, as compared to the side chains 
of Tyr and Ile in similar backbone conformations, 
which can explain the observed lower population 
and higher energies of VP conformations with a 
@-turn at residues 2 and 3. 

It can also be noted that a part of the graphs cor- 
responding to 3,4 turns overlap either with graphs 
of 2,3  turns or with those of 4,5 turns. This is 
caused by the fact that two and even three consec- 
utive turns often occur together (Table 11), and 
conformations containing multiple turns were 
counted in each of the respective distributions. 

Comparison of the Conformations with the X-Ray 
Structures. First of all we have to establish a reli- 
able criterion of the similarity of the calculated 
conformations to the respective crystal structures. 
The largest rms deviation found between any two 
pairs of sterically allowed conformations of OT 
and VP never exceeds 3.5 A for the cyclic part and 
5 A for the complete backbone. The maximum di- 
ameter of the families shown in Table I equals to 
1.8 A. Therefore rms deviations of about 2.0 A or 
higher in the cyclic part mean that the two confor- 

mations have quite different shapes of the cyclic 
part. Based on comparison of the rms deviations 
with the location of P-turns that define the shape of 
the cyclic part, we concluded that the upper limit 
of reasonable fit to the x-ray data can be set at 1.5 
A for the cyclic part. The cutoff value can be in- 
creased for the all-backbone rms deviations. 

The statistics of the rms deviations from the cy- 
clic part of deaminooxytocin 3 2  and pressinoic 
acid3’ distributed between different location of the 
turns are shown in Figure 4. It can be noted that for 
both OT and for AVP the lowest rms deviations are 
observed for the conformations with the 3,4 and 
4,5 turns. The first turn occurs in the crystal struc- 
ture of deamino~xy toc in ,~~  while both turns are 
characteristic of the crystal structure of pressinoic 
acid.33 The occurrence of both turns among the 
low-rms conformations of OT is explained by the 
fact that the 3,4 and 4,5 turns often appear in the 
same conformations. 

All conformations of OT with the lowest rms de- 
viation from the cyclic part of deaminooxytocin 
belong to family 2 (Table I ) .  Although the leading 
member of the hydration-shell subfamily has a 
higher rms deviation than that of the vacuum sub- 
family, generally the hydration-shell conforma- 
tions have a better fit to the crystal structure (cf. 
the distributions shown in Figure 4a and b ) .  The 
lowest rms hydration-shell conformation lying 
within the “energy error” cutoff of 5 kcal/mol has 
a cyclic-part rms deviation of 1.06 A, i.e., better fits 
the crystal structure of deaminooxytocin in the cy- 
clic part than the vacuum conformations of the 
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FIGURE 3 The distributions of energy of the conformations of OT in the hydration-shell 
model ( a ) ,  OT in vacuo (b) ,  AVP in the hydration-shell model ( c ) ,  and AVP in vacuo ( d )  for 
the conformations containing P-turns in at residues 2 and 3 (heavy lines), 3 and 4 (thin solid 
lines), and 4 and 5 (dotted lines). The distributions were calculated based on  all EDMC runs 
for a particular compound and force field. Abscissae: energies in kcal/mol; ordinates: distribu- 
tion values, p l (  E )  [see Eq. ( 1 ) for definition]. Note that because for each distribution the 
fractions of conformations in each bin are counted relative to  the total number of conforma- 
tions [ Eq. ( l )],  the distributions d o  not normalize to unity, i.e., N , / N  = J;:’”; p l ( E ) d E  < l ,  
N l ,  and N being the number of conformations with turn t and the total number of conforma- 
tions, respectively. Because conformations containing more than one of the turns are counted 

in all the respective distributions, C N l / N  > 1. 
3 

1 = I  

same family 2. The lowest rms conformation ofOT 
in vacuo lying within the 5 kcal/mol energy cutoff 
has an rms deviation of 1.35 A and belongs to fam- 
ily 5, which is also characterized by the presence of 
a turn at residues 3 and 4. The leading member of 
the vacuum structures of family 2 also has the low- 
est rms deviation from the complete backbone of 
deaminooxytocin. However, the conformations with 
the lowest rms deviation from the complete back- 
bone (ca. 1.4 A) have relative energies 5.9 and 7.9 

kcal /mol for the vacuum and hydration-shell 
models, respectively. This indicates that, while the cy- 
clic moiety of OT can easily adopt a conformation 
close to that of deaminooxytocin in the crystal phase, 
the crystal-like packing of the cyclic part and acyclic 
tail results in conformations with relatively high en- 
ergy. The above points are illustrated in Figure 5 ,  
where conformations with the lowest all-backbone 
rms (the leading member of the vacuum structure 
of family 2 )  and with the lowest cyclic-part rms ( a  
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FIGURE 4 Distributions of the rms deviations [see Eq. ( 2 )  for definition] from the crystal 
structure of deaminooxytocin for OT in the hydration-shell model ( a )  and OT in vacuo (b) ,  
and from the crystal structure of pressinoic acid for AVP in the solvation-shell model (c )  and 
AVP in vacuo ( d ) .  The distributions were calculated for the low-energy conformations ( E  
< 10 kcal/mol) with different location of turns in the cyclic part. The length of the rms devia- 
tion interval is 0. I A. Turn positions are represented by different lines, as in Figure 3. The 
remarks to  Figure 3 apply also here. 

hydration-shell structure from family 2) are super- 
posed on the crystal structure of deaminooxytocin. 

The major difference between the crystal struc- 
ture and the calculated best-fit conformations is 
that the latter contains a type I11 &turn rather than 
a type I1 &turn in positions 3,4 characteristic of the 
crystal structure. This causes different orientation 
(or  “flipping”) of the peptide plane between resi- 
dues 3 and 4, and results in a poor overlap of back- 
bone atoms in this region of the ring. In our earlier 
studies of OT and VP analogues we also observed 
the preference of type 111 @-turns over type I1 p- 
turns in the ECEPP force field.’9,28 In the present 
study we obtained a number of structures with a 
type I1 0-turn at residues 3 and 4, but all of them 

had relative energies above 10 kcal/mol in both 
force fields. 

All conformations of AVP with a low rms de- 
viation from pressinoic acid belong to  family 5 .  
In contrast to  OT, there is little difference be- 
tween the rms deviations of the leading mem- 
bers and the lowest rms deviations throughout 
the family. Both vacuum and hydration-shell 
structures of this family fit the x-ray structure 
equally well; however, the lowest-rms vacuum 
structures have higher relative energies than the 
hydration-shell ones. The leading member of 
the hydration-shell structures of family 5 is su- 
perposed with the crystal structure of the 
pressinoic acid in Figure 6. The major difference 



FIGURE 5 Superposition of the conformation with the lowest rms deviation from the backbone 
of the x-ray structure of deaminooxytocin (the vacuum conformation of family 2 from Table I; 
thin lines) and the solvation-shell conformation of OT with the lowest rms deviation from the 
x-ray structure of deaminooxytocin in the cyclic part (medium lines) on the x-ray structure of 
deaminooxytocin (heavy lines). In each case the backbones of the cyclic parts are superposcd. 

between the two structures is in the conforma- 
tions of the disulfide bridge. 

Comparison of Calculated and NMR-Determined 
Distance Constraints. The distance constraints 
obtained from the nmr data are defined as ranges 
ofallowed distances, and any nonzero distance rms 
deviation indicates violation of at least one con- 
straint. Generally, only the conformations with 
zero distance rms deviation can be considered to 
satisfy the nmr data. Moreover, it must be borne in 
mind that the measurements carried out to derive 
the distance  constraint^^^.^^.^^^^^ were performed in 
dimethylsulfoxide, which is modeled neither by the 

plain ECEPP/3 nor by the ECEPP/3 force field 
with the hydration-shell supplement. Further- 
more, the measured NOEs from which the distance 
constraints are derived result from averaging over 
all accessible solution conformations. Therefore, a 
particular low-energy conformation cannot be ex- 
cluded from the set of probable solution conforma- 
tions on the grounds that it violates some of the 
nmr-determined distance  constraint^.^^,^' The acy- 
clic C-terminal tripeptide is much more flexible 
than the cyclic moiety of OT and VP. The NOEs 
involving the protons of the acyclic part are most 
probably a result of extensive conformational aver- 
aging. Thus, it is less reasonable to expect good 

FIGURE 6 Superposition of the cyclic part of the leading member of AVP solvation-shell 
conformation of family 5 (thin lines) on the crystal structure of the pressinoic acid (heavy 
lines). Backbone atoms are superposed. 
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FIGURE 7 The distributions of the rms deviations from the NOE-derived distance con- 
straints of the cyclic moieties of OT or VP for OT in the hydration-shell model (a ) ,  OT in 
vacuo (b) ,  AVP in the hydration-shell model ( c ) ,  and AVP in vacuo (d) .  The distributions 
were calculated for the low-energy conformations ( E  < 10 kcal/mol) with different turns. The 
length of the rms deviation interval is 0.05 A. The remarks to  Figure 3 apply also here. 

agreement between a particular tail conformation 
and the distance constraints (which probably arise 
from many highly populated conformers of the tail 
in solution). The analysis below, therefore, is con- 
fined mostly to rms deviations of distances between 
NH, C"H, and COH protons of the cyclic part of 
OT and VP. We also consider separately the rms 
deviations of nonsequential distances, which seem 
to be more sensitive to change in conformation. 
These two kinds of rms deviation are given in Table 
I for the leading members of selected conforma- 
tional families. 

The distributions of distance-rms deviation [ Eq. 
(4)] corresponding to the cyclic-part constraints 
are presented in Figure 7. As before, the distribu- 
tions were calculated separately for conformations 
containing 2,3,  3,4, and 4,5 turns. No single con- 

formation of OT obtained in any of the two force 
fields satisfies all of the distance constraints. This is 
in part due to the nature of these constraints. The 
data of Bhaskaran et suggest rather low upper- 
limit distances for at least three pairs of the CcHl- 
NH,+I and NH,-NH,+I protons with the residues 
Tyr2, Gln4, and Asn' in the ith position. It was 
shown67 that short distances between pairs of pro- 
tons C"H,-NH,+, and NH,-NH,+, can appear 
simultaneously only in relatively high-energy con- 
formations of the ith residue, and the presence of 
two corresponding strong NOES usually indicates 
conformational averaging. Therefore the most rea- 
sonable explanation of the source of the discrep- 
ancy between the distance constraints and calcu- 
lated low-energy conformations of OT is the exis- 
tence of a dynamic equilibrium between different 



conformations. However, based on Figure 7a and 
b, it can be stated that the conformations with a 
turn at residues 2 and 3 result in higher violation of 
the cyclic-part distance constraints than the con- 
formations with 3,4 and 4,5 turns. 

The conformations with low distance-rms devi- 
ation from OT data25 belong to family 2 and con- 
tain a p-turn at residues 3 and 4. Conformations 
of this family are also most similar to the crystal 
structure of deaminooxytocin. Both vacuum and 
hydration-shell conformations of this family satisfy 
the nonsequential distance constraints. However, 
the vacuum conformations of this family have rel- 
ative energies above the 5 kcal/mol uncertainty 
cutoff. Therefore, the hydration-shell conforma- 
tions of family 2 can be considered as probable par- 
ticipants of the equilibrium of OT conformations 
in solution. The lowest energy conformations of 
OT (family 1 ) exhibit much higher rms deviations 
from the cyclic-part distance constraints and even 
higher deviations from the nonsequential distance 
constraints. It is interesting to note that the confor- 
mation of family 3, which was found only with the 
hydration-shell model, also has a low cyclic-part 
distance rms and satisfies the nonsequential dis- 
tance constraints. This conformation is highly 
folded and contains three consecutive p-turns (see 
Table 1 1 ) .  Its reasonable agreement with nmr data 
may also reflect a contradictory nature of the dis- 
tance constraints that can be satisfied either by an 
equilibrium of conformers with different turn loca- 
tions or by a conformation that contains all the 
turns together. The latter, however, is less probable 
as family 3 contains only one member whose en- 
ergy is already slightly above the 5 kcal/mol cutoff. 

All of the low-energy conformations of OT that 
satisfy the distance constraints derived for the bicy- 
clic antagonist of OT30.38 belong to family 4. The 
conformations corresponding to the hydration- 
shell subfamily obeying these distance constraints 
have low energies, while corresponding vacuum 
conformations have energies above 9 kcal /mol. 
Conformations of this family are characterized by 
a 0-turn at residues 2 and 3. This location of the 
turn conforms with the model of the conformation 
of the bicyclic antagonist of OT derived by Shend- 
erovich et (see also Ref. 38) .  In fact, the lead- 
ing member of the hydration-shell subfamily over- 
laps with the model of the bicyclic analogue de- 
rived by Shenderovich et aL3' with an rms 
deviation of 1.0 A in the backbone of the cyclic 
part; this overlap is shown in Figure 8. The acyclic 
tail of OT is oriented differently with respect to the 
ring than in the bicyclic analogue, owing to the 

conformational restrictions imposed by the forma- 
tion of the second (lactam) ring. 

In the case of AVP the violation of distance con- 
straints is less pronounced than for OT. Within the 
energy cutoff of 10 kcal/mol there are conforma- 
tions of AVP that satisfy all the constraints of the 
cyclic part (Figure 7c and d) .  This feature may be 
merely due to the existence of fewer distance con- 
straints for VP than for OT.26 Moreover, all of the 
conformations that satisfy all of the distance con- 
straints have energies above the 5 kcal/mol cutoff. 
On the other hand, all families listed in Table I, 
except family 4, possess hydration-shell conforma- 
tions of AVP with low-energy (less than 5 kcal/ 
mol) and low-distance rms (less than 0.3 A) .  The 
lowest rms deviations from the cyclic-part con- 
straints and no violations of the nonsequential con- 
straints are exhibited by the representatives of fam- 
ilies 2 and 6 which contain single p-turns in posi- 
tions 3,4 and 4,5, respectively. Therefore, an 
equilibrium of solution conformations of VP with 
these two turn locations may be suggested. Note 
that both families 2 and 6 are not populated in 
vacuo. The vacuum conformations with low rms 
have energies close to the 10 kcal/mol cutoff. 
Therefore, we can conclude that hydration-shell 
conformations of OT and VP are generally in bet- 
ter agreement with nmr data then vacuum confor- 
mations. 

MD Results 

The conformational energies, characteristics of 
conformations, and measures of the agreement be- 
tween the calculated conformations and the avail- 
able x-ray and nmr data are given in Table IIIa and 
b, and the lowest energy conformations of OT and 
AVP are shown in Figures 9 and 10, respectively. 

The lowest energy conformation of AVP (Table 
IIIb; Figure 10) is similar to that obtained in 
EDMC simulations, the backbone-atom rms devi- 
ation being 1.5 A. It also has a low rms deviation 
from the crystal structure of the pressinoic acid and 
agrees well with the nmr data (Table IIIb). Confor- 
mation 2 of AVP (Table IIIb), which represents 
the most populated family found in MD simula- 
tions, is in poor agreement with the NOE 
constraints, 26 and its cyclic moiety shows higher 
rms deviation from the crystal structure of pressin- 
oic acid than that of the lowest energy conforma- 
tion l .  

The lowest energy (and simultaneously the 
most probable) conformation of OT (Table IIIa; 
Figure 9 )  is in reasonable agreement with the cyclic 
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FIGURE 8 Superposition of the oxytocin conformation of family 4 (thin lines) on the con- 
formation of [ Mpa' ,  cyclo(Glu4, Lys8)]0T with left-handed disulfide bridge found in the 
study by Shenderovich et (heavy lines). 

part of the crystal structure of deaminooxytocin 
and with the NOE-derived distance constraints. 
However, this conformation differs considerably 
from all low-energy EDMC structures of OT (rms 
deviations more than 3 A). The MD simulations 
for OT also gave a family of conformations with a 
turn at residues 2 and 3 .  The lowest energy for this 
type is 8.4 kcal/mol above the global minimum. 
This conformation satisfies the nmr-derived dis- 
tance constraints for the disulfide cycle of the bicy- 
clic analogue better than the lowest energy one 
(Table IIIa). No such conformation with energy 

within 10 kcal/mol above the global minimum has 
been found for AVP. 

DISCUSSION AND CONCLUSIONS 

As noticed in the preceding section, the lowest en- 
ergy conformations of AVP obtained in both 
EDMC and MD simulations that used the ECEPPI 
3 and CVFF force field, respectively, are similar. 
Additionally, for both compounds studied, the 
lowest energy conformations obtained in the 

Table 111 Characteristics of the Representative Conformations of OT and VP Obtained 
in Simulated- Annealing MD Simulations" 

Con formational 
No. E Code p-Turn(s) 6 X K  ~ N M R  ~ N M R '  

1. 0.0 E A A D A A D  3, 4 Ill 3.4 (1.5) 0.4 (0.0) 0.8 
4 , 5  IV 

2. 8.4 G G E F D F D  2 , 3  IV 3.7 (2.4) 0.8 ( 1  3) 0.4 
3 ,4  IV 

(b) AVP 

Con formational 
No. E Code Turn 8 X R  ~ N M R  

1. 0.0 F A A B D F D  3, 4 111 1.3 0.0 (0.4) 

2. 5.2 E G D G C C D  4 , 5  IV 1.7 1.8 (0.5) 
4, 5 I 

a See Tables 1 and I I  tor the explanation of symbols. 
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FIGURE 9 The lowest energy conformation of OT obtained in MD simulations. 

EDMC simulations in the vacuum and solvation- 
shell force fields belong to the same families. For 
AVP, the lowest energy conformations are charac- 
terized by one turn of an a-helix at residues 3-5 
[stabilized by a type 5 + 1 hydrogen bond between 
Cys6( NH)  and Tyr2(CO)] and a close location of 
the acyclic tripeptide and the cyclic moiety (Figure 
1 ). while in the case of OT the turn occurs at resi- 
dues 2 and 3. In the case of OT there is some dis- 
crepancy between the EDMC and MD results. The 
lowest energy EDMC conformations contain a 
turn at residues 2,3 .  In contrast, the conformations 
with a turn at residues 3,4 are higher in energy 
(Table I ) ,  while MD simulations have located a 
conformation of the latter type as the lowest energy 
one and the conformations of the first type as com- 
paratively high in energy (Table IIIa). This seems 
to be caused by the differences in the potentials and 
in the mode of energy minimization, which was 
performed with a fixed valence geometry for the 
ECEPP/ 3 force field vs a flexible valence geometry 
for the CVFF force field. 

Comparison of the conformations obtained in 
this study with the nmr data shows that there is 
practically no single low-energy conformation that 
could satisfy all nmr-derived distance constraints 
in the cyclic part. In the recent combined nmr and 
MD studies of OT and VP, 25,26 conformations that 
satisfy most of the constraints, however, were ob- 
tained as a result of distance-constrained energy 
minimization and MD simulations. In all of these 
conformations several L-amino acid residues are 
located in relatively high-energy A * and C*  regions 
of the Ramachandran plot.57 Thus, the contradic- 
tory sets of distance constraints (see the results 
section) have resulted in high-energy consensus 
conformations, which can hardly be considered as 
probable solution conformations. For AVP, con- 
formations satisfying the cyclic-part distance con- 
straints can be found (cf. Figure 7) .  It must be 
borne in mind, however, that fewer distance con- 
straints are defined for AVP, as compared to 
OT.25,26 Besides, the conformations that satisfy all 
of the distance constraints are relatively high in en- 

\ 
FIGURE 10 The lowest energy conformation of AVP obtained in M D  simulations. 
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ergy (cf. the results section). It therefore can be 
concluded that a dynamic equilibrium exists be- 
tween several different types of conformations of 
oxytocin and vasopressin in solution. From the dis- 
cussion ofthe preceding section it follows that non- 
sequential constraints are satisfied by the OT con- 
formations with a 3,4 turn, and by those with a 3,4 
and/or 4,5 turn for VP (see also Table I ) .  These 
conformations therefore should have considerable 
statistical weights in solution. Additionally, the se- 
quential NOES between the NH protons of Tyr2 
and Ile3 observed for OT and between the NH pro- 
tons of Asn’ and Cys‘ observed for both OT and 
VP (Table I )  can be explained by contributions 
from p-turns at residues 2,3 and 4 3 ,  respectively. 
Therefore, the NOE pattern observed for OT can 
be explained by assuming a dynamic equilibrium 
between conformers with P-turns at residues 2,3, 
3,4, and 4,5, while that observed for VP is ex- 
plained by assuming an equilibrium between con- 
formations with @-turns at residues 3,4 and 4,5. 
This conclusion is in accord with the higher popu- 
lation of low-energy conformations with the 2,3 
turns for OT than for VP found in the present 
study. 

It should be noted that most of the models of 
biologically active conformations of neurohypo- 
physeal hormones and their analogues were based 
on nmr studies (see Refs. 68 and 69 for review). 
Besides the “cooperative model” with a P-turn at 
residues 3 and 4 originally proposed by Urry and 
Walter34 and modified by Walter,” the models 
with an alternative location of a P-turn at positions 
2,3 (Ref. 22) and at positions 4,5 (Ref. 36) were 
suggested for OT. This diversity of models proba- 
bly reflects both conformational mobility of OT 
and VP molecules and sensitivity of conforma- 
tional equilibrium in solution to particular experi- 
mental conditions. Most of the conformational 
features revealed by nmr studies are present in the 
low-energy conformations of OT obtained in this 
study. However, an extension of the nmr-derived 
conformational models to the hormone-receptor 
interactions should be done with caution. 

There is much evidence that receptor-binding 
requirements for agonists and antagonists of oxy- 
tocin are different.” Models containing a y-turn at 
Tyr2 and/or Gin4 have been suggested in early 
studies on relatively weak, Pen ’-containing antag- 
onist analogs of OT.7.’7.72 The y-turn-like confor- 
mations at Tyr2 and Gln4 are present among the 
low-energy conformers found in this study. How- 
ever, recent conformational studies29330338 have 
shown that the potent bicyclic antagonist of OT 

most probably assumes the conformation with a 
0-turn at residues 2 and 3. Bearing in mind a con- 
strained conformational mobility of the bicyclic 
analogue, we can suppose that this type of confor- 
mation of antagonists is recognized by the oxytocin 
receptor. It is interesting to note that a very similar 
conformation of the disulfide ring of OT was found 
in the present study (see Figure 9) ,  i.e. the amino 
acid sequence of OT allows a “nucleation” of the 
putative antagonist binding conformation. How- 
ever, this type of conformation does not resemble 
the crystal structure of deaminooxytocin and is in 
a poor agreement with the NOE-derived distance 
constraints. Therefore, it seems to be less probable 
for the native hormone both in solution and in the 
receptor-bound state. Besides, the cis configuration 
of the amide bond Cys6-Pro7 in the bicyclic 
analogue 30,3R causes the orientation of the C-termi- 
nal tripeptide to differ from that of the similar con- 
formations of oxytocin with a 2,3 turn (Figure 8). 
These findings additionally confirm the hypothesis 
of different binding conformations for agonists and 
antagonists of oxytocin. EDMC and MD studies 
aimed at revealing the differences in conforma- 
tional properties and receptor requirements for ag- 
onists and antagonists of the neurohypophyseal 
hormones are now in progress. 
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