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In the first paper in this series1 we presented a somewhat simplified formulation
for the energy of a polypeptide in aqueous solution. We also briefly discussed
methods for finding local minima and applied one of these to the S-peptide from
bovine pancreatic ribonuclease. Starting from five different regular conformations,
five different structures were obtained, each of which was essentially a somewhat
irregular version of the starting structure, with most of the dihedral angles still
quite close to their initial values.
We now extend our expression for the energy to take account of the presence of

disulfide bridges, and apply the minimization technique to obtain apparent local
energy minima for oxytocin and vasopressin. We have also applied the method to
the cyclic octapeptide consisting of residues 65 to 72 from bovine pancreatic ri-
bonuclease, some of whose allowed conformations were computed earlier.2 The
work reported here does not in any sense represent an exhaustive examination of
any of these peptides; consequently the results must be regarded as preliminary.

Disulfide Bridge Energy and Minimization.-Six terms were added to the ex-
pression for the energy given in reference 1 to account for the presence of disulfide
bridges. Two of these terms were torsional potentials for rotation around the C-S
bonds; these potentials included nonbonded interactions and were taken to be the
same as for bond 3 of the methionine side chain (ref. 1, Table 2). The third term
was a torsional potential for rotation about the S-S bond; this was assumed to be
twofold, with minima at x = 900 and x = 2700 and a barrier height3 of 12.0 kcal/
mole. The remaining energy terms consisted of one to close the bond gap between
the sulfur atoms and two terms to bring the C-S-S bond angles to their correct
value. To close the gap we use the simple harmonic function

USS = (1/2)Kss(rss - ro)2, (1)

where rss is the S-S distance and ro its equilibrium value3' 4 (2.1 A). The force
constant Kss had to be large enough to close the gap but not so large as to make this
term dominate all others. A value of 1000 kcal/mole was satisfactory. For the
C-S-S angle terms the formula

UCSS = (1/2)HCSS I 1 -cos(0 - 00) (2)

was used, where 0 is the C-S-S bond angle with equilibrium value4 00 = 1040. A
similar arguinenit led to a vailue of 100 kcal/niole for Hc s.
Only one of these six terins was computed if the distance between the two sulfur

atoiiis was greater ttan .5.7 A; this was the term for closing the S-S bond gap (eq.
(1)). The remaining five terms were set equal to zero inl this case. To preserve
continuity, these five terms were multiplied by the factor g(rss) when rss was less
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than 5.7 A, where g(r) is the function in reference 1, equation (3) (this function is
almost exactly equal to 1 when rss is close to its equilibrium value).
The search for local energy minima was carried out by Davidon's method,6 as

before.1
Results.-Oxytocin and vasopressin: Two starting points were used for minimiz-

ing the energy of oxytocin and vasopressin. One was the approximate a-helix
used before,1 with 0 = 1200, V= 1300. The other was an approximate ,8-con-
formation with 4 = 600, 41 = 3000 for all residues except proline, for which ) =
1200 and 4, = 300°. All ionizable groups except the side chain of tyrosine were
in their charged forms. Minimization was continued until all components of the
gradient were less than 0.05 kcal/mole/radian.
Two apparent minima were obtained with both oxytocin and vasopressin, one for

each starting point; also, the two structures have quite different dihedral angles.
However, there is a striking similarity between the dihedral angles of the backbone
of oxytocin in a given minimum and those of the backbone of vasopressin in the
corresponding minimum; this can be seen in Table 1 (upper half) and Figure 1 for
the conformation reached from the ,8-conformation and in Table 1 (lower half) for
the conformation obtained when the starting point was an a-helix. In the latter
case, there were significant differences in the conformations of the last two residues,
but the structure of the ring was virtually the same.
These results suggest that the main factor determining the conformation of the

ring in these two peptides is the need to close it, and that other factors, such as the
specific nature of the side chains, affect only the details of the structure. To test

TABLE 1
MINIMA OF OXYTOCIN AND VASOPRESSINa

Oxytocin Oxytocin
Peptide: Vasopressin Oxytocin (no solvent; D = 3.0) (no solvent; D = 1.0)

Final Structure:b h 4,40,b 4,is
Residue

1. 1/2-Cystine 327.2 315.4 - 306.9 288.8
2. Tyrosine 110.0 7.5 120.8 334.4 121.9 339.4 122.6 352.5
3. Isoleucinee 106.6 266.1 132.7 276.8 135.2 276.9 132.7 279.0
4. Glutmine 31.8 6.6 22.1 7.5 25.5 6.0 21.3 355.8
5. Asparagine 86.1 239.5 86.0 238.5 84.5 234.4 91.8 266.2
6. 1/2-Cystine 91.6 325.1 95.2 324.9 93.5 324.8 37.2 324.6
7. Proline 120.1 289.2 120.3 298.9 120.2 297.9 120.5 299.6
8. Leucined 76.9 258.8 87.8 326.4 90.5 321.5 77.9 328.8
9. Glycine6 105.0 292.9 119.8 295.6 90.2 327.6 124.6 295.3

Final energy
(kcal/mole) -6.17 10.86 -45.32 -166.55

1. 1/2-Cystine 214.2 286.9 237.2 259.6
2. Tyrosine 85.8 141.4 43.1 121.6 93.3 168.1 44.2 112.7
3. Isoleucinec 137.6 109.5 95.2 104.9 97.5 101.2 90.6 145.6
4. Glutamine 351.1 243.7 18.8 242.0 6.4 231.7 56.0 23.1
5. Asparagine 62.7 112.5 83.8 144.2 82.7 124.3 248.6 97.8
6. '/2-Cystine 111.2 126.9 111.3 126.3 110.6 125.8 122.9 120.1
7. Proline 120.4 137.5 120.3 146.2 119.9 154.8 119.3 115.4
8. Leucinhed 127.2 118.4 258.0 344.8 254.5 96.8 229.1 32.4
9. Glyciell 109.1 84.0 125.3 142.0 90.0 70.8 244.2 52.5

Finial energy
(keal/inole) 30.96 66.14 -16.35 -150.61

a Starting conformation, upper group: 4 = 600, 4, = 300°, except for proline, for which 4 = 1200, 4, = 3000;
ower group, 4 = 1200, 4 = 1300.

b For conventions defining dihedral angles, see ref. 12.
C Phenylalanine in vasopressin.
d Lysine in vasopressin.
e C-terminal amide in both peptides.
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FIG. 1.-Computed structures of vasopressin (A) and oxytocin (B), obtained by energy mini-
mization, starting from the a-conformation. These are the first two conformations listed in
Table 1. These drawings and those in Fig. 2 were obtained from a computer program.'1

this, the energy was modified by omitting the solvation free energy, and minimiza-
tions were carried out with oxytocin from the same starting points as before (Table
1). The final conformations were nearly the same as before, the only significant
difference being in the last two residues of the chain. In this calculation, the di-
electric constant was equal to 3.0, as it was in the previous calculation which in-
cluded the solvent energy. There has been some question in the literature about
the correct value to take for the dielectric constant when computing the structures
of nonsolvated peptides, and values ranging from 1.0 to 4.5 have been used by
various authors.6-'0 The partial charges used in the present work were essentially
those of Poland and Scheraga," which were computed from theoretical consider-
ations. The correct value of the dielectric constant in calculations with their
charge distributions is actually 1.0 if there is no solvent present. The calculations
with oxytocin were, therefore, repeated with omission of the solvent energy and
alteration of the dielectric constant to 1.0. This is presumably a more realistic
approximation to the correct energy expression for a nonsolvated peptide; however,
we have included the results obtained with D = 3.0 partly because there may still
be some question about the correct value for D, and partly because they illustrate a
point which will be made in the Discussion.
The conformations obtained by minimizing the energy of oxytocin in the absence

of solvent and with D = 1.0 are shown in the last column of Table 1. Starting
from the Il-conformation led to almost exactly the same final conformation as
before even though the total energy at the minimum was now lower by more than
120 kcal/mole. When. minimization was started from the a-helix with a dielectric
constant of 1.0, a somewhat greater change was observed in the final minimum;
this occurred mainly in the region of residue 5 (asparagine), and its effect was to
make this residue approach more closely to residue 1 on the other side of the ring.
Apart from this, the structure strongly resembles the others in the lower half of
Table 1.
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Ribonuclease loop: Seventeen starting points were chosen for minimization of
the energy of this peptide, namely, the approximate a-helix (0 = 1200, s = 1300),
the 3-conformation (0 = 60°, i6 = 300°), and the 15 sterically allowed conformations
found by Nemethy and Scheraga.' In the latter, q5 and i, were originally con-
strained to be multiples of 600. The expression for the energy included solvation
in all cases, and the dielectric constant was 3.0. All ionizable side chains were
taken to be charged; however, the N- and C-termini were not. Instead, an N-
acetyl group was placed at the N-terminal end of the chain and a primary amide
group at the C-terminal end, to take account of the fact that the octapeptide is
actually in the middle of a long chain.
Each of the 17 starting points led to a different stationary point. In each of these

structures, at least two backbone dihedral angles differed by more than 600 from
the corresponding angles in other conformations. In most cases, no angle changed
by more than 600 in going from the starting conformation to the final stationary
point; the exceptions were the minimizations started from the a-helix, from the /3-
conformation, and from conformations 5, 8, and 12 of reference 2, Table VII.
MXany of the final structures showed some degree of similarity in the shape of the
loop; this is also evident in the backbone angles shown in Table 2. However, the
two conformations with lowest energy do not resemble each other particularly
(Fig. 2). On the basis of the limited crystallographic data available at present,'4
none of the structures we have computed bears a very close resemblance to the
conformation of the octapeptide in crystalline ribonuclease.

Discussion. The results reported here and in our earlier paper' suggest strongly
that there is a large number of minimum energy conformations available to a
small peptide. This is true both for open-chain and cyclic peptides. Also, the
minima are not necessarily all confined to a small set of dihedral angles, but are
spread fairly widely over the whole possible range of conformations, with minima
whose energies are nearly the same often being quite dissimilar in conformation.
Presumably, a protein will show the same behavior, the difference being that one
or a few minima will probably have much lower energies than the rest and will thus
become the native conformation. Unfortunately, at the present stage of develop-
ment of computers, it might turn out to be impossible to determine all the energy
minima of a protein within a reasonable period of time; hence, it will probably be
necessary to find some other method for locating the global minimum of the energy
before the problem can be solved. We have made some progress along these lines
which will be reported later.
There is one other inference that can be drawn from the results presented here.

This concerns the relative importance of the individual terms contributing to the
total energy. Omitting the solvent contribution from the expression for the energy
of oxytocin (but retaining a value of 3.0 for the dielectric constant) affected the
conformation obtained by minimization only slightly. Also, increasing the relative
contribution of the electrostatic energy by a factor of 3 (by setting the dielectric
coiistaIit equal to 1.0 instead of 3.0) gave rise to) structures that were ho()t grossly
altered, although ill this case the change was miore marked. These observatis
confirmn that, at least for small cyclic peptides, the energy terms which contribute
to the closing of the ring and to the avoidance of steric overlap largely domninlate the
other terms, and put sharp limits on the possible range of values of the dihedral
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FIG. 2.-Lowest-energy computed structures of the octapeptide loop of bovine ribonuclease.
(A) Conformation 8; (B) conformation 9 of Table 2.

angles at the energy minima. Earlier calculations with hard sphere potentials2 15--17

were based on this assumption. However, our results suggest also that the smaller
contributions to the total energy, viz. the electrostatic, hydrogen bond, dispersion,
torsional, and solvent terms, may tend to act cooperatively rather than to oppose
one another in minimum energy conformations of naturally occurring peptides.
This would account for the fact that almost the same conformation was found for
the oxytocin ring when minimizations were carried out with different relative
weights attached to some of these contributions, whereas if the conformation at the
minimum were determined by a subtle balance between conflicting energy con-
tributions, a much larger variation should have been observed. Thus, it is likely
that computations of polypeptide structure by energy minimization will lead to
results that are approximately correct even though there are still many uncertainties
and assumptions in the expressions used for the energy. It must be emphasized
that these remarks apply only to small peptides, and that, at this stage, we cannot
say what effect the various terms in the energy expression will have in determining
the stable conformations of proteins. In particular, we would expect the solvent
free energy terms to have a marked effect on the orientation of the polar and non-
polar groups in a large polypeptide (presumably favoring the orientation of polar
groups on the outside, in contact with water, and the orientation of nonpolar groups
on the inside, on the average); indeed, this will provide an experimental test of the
validity of our approach.
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