Vol. 6, No. 1, January-February 1973

al.12 the rotation of a benzene ring cannot be entirely in-
dependent of rotations in neighboring residues and no
doubt this fact together with the packing problems for w
helices discussed above prevents an exact analysis of the
diffraction data.
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ABSTRACT: In previous conformational energy calculations on this cyclic pentapeptide, the hard variables
[bond lengths, bond angles, and dihedral angles around peptide bonds (w’s)] were kept constant; in this paper,
the restriction of constancy of these variables is removed. Flexibility is introduced by assuming that a Urey-
Bradley-type force field is applicable to the hard variables. Starting with the thirteen minimum-energy confor-
mations (obtained previously in the rigid-molecule treatment), and using the conjugate gradient method, the
total conformational energy was minimized in the extended space corresponding to the flexible-molecule treat-
ment. Eight local minima were thus obtained, some of them arising from more than one (rigid molecule) initial
conformation. In a strained molecule such as this one (i.e., one with a few close interatomic contacts), energy bar-
riers between local minima of the rigid-molecule treatment often disappear when the hard variables are allowed
to vary. While the dihedral angles (¢’s, ¥’s, x’s) change very drastically from those of the initial conformations in
many cases, the changes of bond lengths, bond angles, and ’s are within the range of X-ray crystallographic data.

In the first two papers3:* of this series, conformational
energy calculations were carried out for the cyclic penta-
peptide cyclo(Gly-Gly-Gly-Pro-Pro), which has eight sin-
gle bonds in the backbone about which rotation can take
place. The hard variables® [bond lengths, bond angles,
and dihedral angles around the peptide bonds (w’s)] were
maintained constant3:* (rigid molecule), and six of the
backbone dihedral angles were computed as functions of
the two (remaining) independent backbone dihedral an-
gles. The complete energy surface of the rigid molecule
was calculated, and thirteen local minima were located in
that region of the energy surface which is within 100 kcal
of the global minimum.? Using the assumption of small
conformational fluctuations,® the statistical weights of the
three lowest-energy local minima were computed? in
terms of det G and det F (quantities that have been de-
fined previously®), thereby providing information as to the
most stable conformation of this cyclic pentapeptide (in
the absence of solvation and crystalline forces).

The purpose of the present paper is to remove the re-
striction of constancy of the hard variables, and thereby
obtain a more complete description of the cyclic penta-
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peptide; i.e., every atom of the molecule is now allowed to
move independently. The treatment of the molecule as a
flexible one is the last step of a theoretical framework pro-
posed earlier®.® for conformational energy calculations in
general, In order to allow the hard variables to change,
appropriate potential functions are required. By including
such potential functions, together with those used? in the
treatment of the rigid molecule, we may start from the
conformations obtained in the rigid-molecule treatment
and minimize the total conformational energy.?-® Thus,
we require appropriate potential functions for treatment
of the hard variables, and also a suitable energy-minimi-
zation procedure in order to carry out the computations
for a flexible molecule. »

In the rigid-molecule treatment, the problem of ring
closure was a nontrivial one.? However, in the flexible-
molecule treatment, no such problem arises since the po-
tential functions for the hard variables serve to maintain
the independently moving atoms in a closed ring.

As far as the potential functions are concerned, we may
assume that the displacements of the hard variables from
their equilibrium positions obey a simple harmonic law,
with force constants obtained from infrared and thermo-
dynamic data on simple molecules. While more work has
to be done to be assured that force constants (determined’
in this way) can be used for more complicated molecules
like cyclo(GlysPros), we follow present practice,”® and
use them as a first approximation.
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Concerning a suitable energy-minimization procedure, a
variety of methods® that use some sort of systematic
search technique are available to locate the local minima
of an unconstrained function f of n variables. We have
used a method known as function minimization by conju-
gate gradients (FMCG),® for reasons stated in section IC.
In this method, it is assumed that the value of a function
f(x) and its gradient vector g(x) can be computed at any
given point x.

I. Procedures

A. Geometry and Energy Functions. In the flexible-
molecule treatment we use the total conformational ener-
gy Ecot, in which the hard variables as well as the dihe-
dral angles (soft variables) can change. The form of E;.. is
the one used by Warshel et al.8 which was obtained by
modification of that of Urey and Bradley,'® and is ex-
pressed as follows

Etot = Ebs + Ebab + Eopd + Eci + Etor + Enh (1)

where
Eve = (1/2)ZKy(b— by)* (2)
B = (1/2DZK (1 -7y (3)
Eoa = (1/2DZKN 4)

all in quadratic (or simple harmonic form) and

Ei = (1/QZK( — 1, + ZK/1 -1y (5)
Eo. = (1/2)ZK41 * cos mb) (6)
Enb = Zi>/' [(dij /R[}'m) - (ez'j/les) + (QrQJ/DRU)] (7)

The abbreviations bs, bab, opd, ci, tor, and nb indicate
bond stretching, bond angle bending, out-of-plane defor-
mation, corner interaction, torsional, and nonbonded, re-
spectively.

The first four terms on the right-hand side of eq 1 per-
tain to changes in the hard variables, and are specific to
the flexible-molecule treatment. In eq 2, 3, and 4, b, 7,
and A denote bond lengths, bond angles, and out-of-plane
deformations, respectively; bg and 7o are the values of b
and 7 at which their respective energy contributions (viz.,
Eps and Epap, respectively) are a minimum (whose values
are taken as zero). In the flexible-molecule treatment, the
nonplanarity of the peptide group (with minimum energy
in the planar trans form) is taken into account as a tor-
sional energy (eq 6) and as out-of-plane deformations (eq
4).

The angle A is defined as follows. In the grouping

B
D——A/

~c

A is designated as the apex atom, B and C as the first and
second anchor atoms, respectively, and D as the end atom.11
Then X is the angle between the A-D bond and its projec-
tion on the ABC plane. The sign of X\ is positive or nega-
tive depending on whether D is above or below the ABC

(9) R. Fletcher and C. M. Reeves, Computerd., 7, 149 (1964).
(10) H.C. Urey and C. A. Bradley, Jr., Phys. Rev., 38, 1969 (1931).
(11y E. B. Wilson, Jr., J. C. Decius, and P. C. Cross, “Molecular Vibra-
tions,” McGraw-Hill, New York, N. Y., 1955, p 59.

Macromolecules

plane, when an observer (in the ABC plane) looking from
D toward

(i.e., D is closer than A to the observer) sees B on the
left and C on the right. In the molecule being considered
here, two types of out-of-plane deformations (A! and
A%) occur. The corresponding end, apex, first anchor
and second anchor atoms in these deformations are
0, C’, N, Ce, and H (or C?%), N, Ce, C’, respectively. The
force constants for these out-of-plane deformations are
taken from the paper by Warshel et al.812 In eq 5, { de-
notes a corner (or so-called 1-3) distance—i.e., that be-
tween atoms bonded to a common atom, as between B
and C in

lop is a parameter which assumes a value approximately
equal to the value of | at which the three atoms in such
a corner arrangement are so disposed that the bond
lengths and bond angles are by and 7o, respectively. The
corner interaction energy is included in eq 1 in order to
take into account the interactions between atoms bonded
to a common atom, which are quite different from
those between atoms separated by more intermediate
atoms, because they are essentially interactions between
the bonding orbitals. K is an energy parameter (force con-
stant) whose subscript indicates the type of interaction. In
the rigid-molecule treatment the values of bond lengths,
bond angles, and other hard variables are held fixed, and
they are given as geometrical parameters. In the flexible-
molecule treatment the values of the hard variables are
determined by minimization of E.o¢ with respect to both
the hard and the soft variables. In general, the equilibri-
um values of the bond lengths and bond angles are not
equal to bo and 7o, respectively. In fact, the values of by,
10, and lo as well as the force constants K were deter-
mined®13 by requiring that the calculated equilibrium
values of bond lengths and bond angles come close to the
observed values, and that the computed frequencies and
thermodynamic data agree closely with experimental
values. The values of the parameters-used in eq 2, 3, 4,
and 5 are taken mainly from the papers of Lifson and
Warshel?® and of Warshel et al.® except for the following
changes. The value of by for the C-H bond is taken as
1.000 A instead of 1.099 A used by Lifson and Warshel!3
because the smaller bond length of 1.000 A was used in
papers I and II. In the paper of Warshel et al.? the values
of K,’ in eq 5 were determined by

KZ/ = _FKZZ(J (8)

where F was taken as 0.1, while, in the earlier paper of
Lifson and Warshel,13 the values of K, were determined
independently of K; and smaller (absolute) values of K,/
than those given by eq 8 with F' = 0.1 were obtained; the
values obtained!? correspond to a value of F in the range
between 0.004 and 0.01. In the present paper, the values

(12) Values which are three-fourths of those of Warshel et al.® were used
inadvertently in the computer program. However, considering the
cost of computation, the calculations were not repeated because the
energy contribution from this term is very small (see section III), and
no significant changes from the results obtained in this paper would
be expected to occur,

(13) 8. Lifson and A. Warshel,J. Chem. Phys., 49, 5116 (1968).
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Table I
Geometry and Energy Parameters?

A. Bond Stretching

Bond Kyp/2 bo
N-He 405 0.980
C’-N¢ 403 1.278
N-C* 261 1.457
C-He 2817 1.000¢
C-C® 187 1.470
C-Cre 111 1.455
C’-0¢ 595 1.200

B. Bond Angle Bending and Corner Interaction

Bond Angle
(B-A-C) Kr/2 70€ K,/2 lb(B...C)
C-N-C/ 54.5 Tri 16.2 2.5247
C’-N-C?® 54.5 Tri 16.2 2,400
C-N-H?® 31.4 Tri 26.0 1.791
C’-N-H? 26.6 Tri 27.9 2.000
C-C’-N» 33.1 Tri 50.5 2.229
N-C’'-0? 48.5 Tri 90.0 2.186
C-C’-0¢ 40.9 Tri 52.0 2.400
C-C-Cc¢ 22.0 Tetra 37.3 2.4507
C-C-C’# 22.0 Tetra 37.3 2.450
N-C-Ch 22.0 Tetra 37.3 2.2827
N-C-C'h 22.0 Tetra 37.3 2.2357
H-C-C! 26.8 Tetra 38.4 1.975
H-C-C® 26.8 Tetra 38.4 1.975
H-C-N¢ 30.1 Tetra 41.0 1.900
H-C-He¢ 38.1 Tetra 2.9 1.800

aUnits: energy in kcal/mol, length in A, angle in radian. All car-

bon atoms other than C’ are sometimes designated simply as C.
dTaken from ref 8. ¢Taken from ref 13. ¢This value is taken (instead
of 1.099 as suggested in ref 13), because the smaller bond distance
of 1.000 A for C-H was used in papers I and II. ¢Tri designates the
trigonal angle 120° and tetra the tetrahedral angle 109.47°. "Taken
to be the same as those for C'~-N-C, except for [y, whose value was
determined as indicated in footnote j. £Taken to be the same as
those for C-C-C. "Taken to be the same as those for C-C-C, except
for lg, whose value was determined as indicated in footnote j. ‘The
values suggested!3 for this case are 26.8, 43.6, and 2.2 for K7/2,
K,/2 and lo, respectively, but the values for H-C-C’ were used in-
advertently in the computer program. However, we did not redo the
calculation because of the cost of computation and because essen-
tially no changes were expected to occur in the results obtained in
this paper. J'Cal(:ulated as lo = [(bo)ABz + (bO)AC2 - 2(b0)AB(b0)AC

of K,/ were determined by eq 8 with an intermediate
value of F' = 0.0425. With this value of F, the corner in-
teraction energies were neither strongly positive nor nega-
tive for the initial conformations.

The torsional energy function (eq 6) and the nonbond-
ed, electrostatic and hydrogen-bonding energy functions
(eq 7) are essentially the same as those used previously in
the rigid molecule treatment,®* except as discussed
below. In eq 6, m is the number of minima in the torsion-
al potential in the range between 0 and 27, and the sign of

the cosine term indicates whether the torsional energy’

would make its maximum (+) or minimum (—) contribu-
tion at zero dihedral angle.’* The values of these parame-
ters are listed in Table I. Special consideration is required
in the calculation of the torsional energy in the flexible-
molecule treatment. The torsional angle around a bond
between atoms X and Y is defined as the angle between
the two planes formed by atoms A, X, Y and X, Y, B, re-
spectively, where atoms A and B are connected to atoms
X and Y, respectively. When there is more than one atom,

(14) H. A. Scheraga, Advan. Phys. Org. Chem., 6, 103 (1968).

C. Out-of-Plane Deformation

First Second
Apex Anchor Anchor
‘End Atom Atom Atom Atom K, /2
0 ol N Ce 4.04%
H (or C?) N Cea c’ 0.69%:!
D. Torsional A(X-Y)B
A X- B Ko/2 m  Sign

0, Ca C’-N Ce, HN (or C3) 2.500m 2 -
N,Ho , He  cacr N 0.017% 3  +

(or C8)
N,H«He Ce-C* O 0.017 3 -

(or C8)
HN (or N-Ca.  C’,He, He (or CA) 0.0480 3 +

CY) N-C&  C',He%He(orC8) 0.048 3 -
c’ N-C# Cr, Ht, H? 0.048 3+
Ca N-Cé  Cv Hb H? 0.048 3 -
Cc’ Ce-C8 C~, H5 HS 01567 3 +
N, He, C’ ,
Ce, HS, Csi-Cr  Cs Hv, H 0.156 3+

HE
C8, H, C-Cé N, H4, H" 0156 3 +

H~r

cos 7e-a-c)1/2. *The definitions of the angle of out-of-plane deforma-
tion in this paper and in ref 8 are different. The factor of 4/3, by
which the numerical values in ref 8 must be multiplied in order to
obtain the corresponding force constants in the new definition, was
inadvertently not included in the computer program. Therefore,
these values are smaller than those used in ref 8 by a factor of 3/4.
See footnote 12 of the text. ‘The same force constant is used in both
cases, i.e., when the end atom is C¢and when it is H. mThis value
corresponds to a barrier height of 20.0 kcal in the rigid-molecule
treatment. Warshel et al.8 determined the values of (1/2)Ks which
differ for the different ways of defining the dihedral angles. How-
ever, we used the same value of (1/2) Ky for all possible ways of de-
fining a dihedral angle for the sake of simplicity in programming.
"This corresponds to the value of 0.20 kcal/mol, used for the bar-
rier height in 1.3 °This corresponds to the value of 0.58 kcal/mol,
used for the barrier height in 1.8 PThis corresponds to a barrier
height of 2.80 kcal.14

Ay, Ag, ..., Ap and By, By, . . ., By, connected to X and Y,
respectively, there are pg ways of defining the dihedral
angle, all of which are equivalent (except for constant ad-
ditive factors) as long as the bond lengths and bond angles
are maintained constant (rigid-molecule treatment). The
situation is different in the flexible-molecule treatment, in
which the bond lengths and bond angles can vary. In this
case, the value of the dihedral angle depends on which
atoms are chosen from Ay, Ag, ..., A, and from B3, Bs, . . .,
B, to define the angle. The form of eq. 6 for the torsional
energy (with m the same as in the rigid-molecule treat-
ment) is assumed for all possible ways of defining the di-
hedral angle. Warshel et al.8 used different values of K,
for different ways of defining the same torsional angle.
However, we have used the same value of K, for all pos-
sible ways of defining a dihedral angle for the sake of sim-
plicity in programming. Therefore, for example, when
there are six ways of defining a dihedral angle (as for
bonds between N and C® and between C« and C’), the
value of K, used in eq 6 (and given in Table ID) in the
flexible-molecule treatment is one-sixth of the value used
in the rigid-molecule treatment. In this manner, all the
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Table 11
Characterization of Eight Local Energy Minima for the Flexible Molecule2

Flexible Local Energy Minima®

BITR Jdit Ji,u Kix K11 Lt M1 N1

Initial Rigid Local Energy Minima¢

E D¢ Ad B¢
H E G C’ A’ D B’ F C

Principal dihedral angles®

1 82.3 83.8 82.6 179.7 174.6 ~71.8 173.2 -108.5
121 —-58.8 —54.6 -59.1 117.8 112.3 75.3 143.6 -50.4
w1 166.1 163.5 165.0 -171.7 -173.8 =174.0 -167.1 172.2
@2 —65.2 ~-71.8 -75.6 82.0 83.3 132.1 47.4 -77.2
12} 71.9 73.8 718 -63.4 —66.3 67.9 39.1 74.3
we —164.9 —163.6 -164.2 155.8 154.0 -178.4 -156.8 -178.8
¢3 89.1 74.1 92.6 -79.9 -75.2 106.8 139.8 89.8
V3 -143.1 -129.8 —148.9 -174.1 -179.8 -126.9 -177.9 -117.3
w3 175.4 -175.3 173.7 -179.0 -179.1 168.0 -172.0 -175.2
b4 —47.3 =51.1 -49.4 —41.0 -36.0 -56.1 —43.7 -53.0
x4t -24.3 8.1 -22.7 ~28.2 5.8 =217 7.0 7.7
x42 33.9 -17.0 . 318 35.2 -22.3 32.8 -21.7 -16.6
x4® -28.3 18.4 -26.5 -26.4 28.8 -29.2 26.6 18.2
x4* -165.4 169.1 -164.6 -170.4 151.4 ~159.5 159.1 170.9
Va —43.2 -50.7 —38.2 —46.6 -50.8 -41.2 -52.9 -42.2
w4 178.9 177.6 1747 178.8 179.8 179.4 176.6 176.5
@5 -90.5 -88.4 -80.8 -76.1 -13.7 -93.2 -79.4 -89.3
x5t 36.1 34.8 -13.1 30.0 28.0 38.7 30.7 31.7
x52 —-38.8 -40.3 31.1 -37.0 -36.8 -38.3 -36.7 -33.3
x58 23.8 27.7 -35.0 27.4 28.9 20.5 26.1 19.6
x5t -172.5 -175.7 -139.4 175.3 173.6 ~169.8 178.0 -155.8
¥s 44.7 46.2 33.2 -33.8 -35.3 -52.6 -34.7 -97.4
ws -176.9 -178.7 -171.8 178.2 179.5 167.1 -179.1 169.8

Out-of-plane deformation

At 3.8 3.9 47 —6,4 =5.3 =24 -6.7 1.9
A2 8.2 8.7 8.5 -8.3 -7.7 -4.0 -5.5 4.4
A2t -5.3 -6.2 =53 6.6 7.1 0.0 -3.9 2.4
A2? -13.5 -14.3 -14.1 17.5 18.8 =55 -14.4 -5.2
Aa! 2.8 0.3 2.5 4.4 4.0 3.1 -1.0 0.0
A3? -1.0 -29 -2.6 -0.9 1.7 -3.8 -2.5 -4.5
Al 4.6 4.7 -7.6 -0.9 -1.2 =3.7 -0.2 -25
A2 -7.0 -8.7 -10.5 -3.4 -4.5 -48 -4.2 -12.2
Ast -1.1 0.5 -2.7 0.1 -14 5.5 =17 -2.4
As? -4.3 -3.1 -6.2 6.4 5.1 6.4 2.7 1.1

Conformational energy’

Eiot -28.7 -27.2 ~25.5 -17.9 -16.7 -16.2 -11.8 -9.2
AEiot 0 1.5 3.2 10.9 12.1 12,5 17.0 19.5
Eior 11.1 14.6 13.5 11.9 14.3 12.4 14.8 16.0
Enp —-28.3 -28.3 -27.1 —-26.1 -26.1 -27.9 —-25.4 -27.4
Ees -19.0 -19.5 -18.9 -11.3 -11.6 -8.4 -7.4 -3.1
Eys 5.2 5.1 5.3 5.0 5.0 5.2 4.9 4.9
Epap 8.4 7.8 8.0 8.3 8.1 9.0 8.2 79
E -6.4 -7.0 -6.6 -6.0 -6.5 -6.6 -7.1 -7.7
Eopa 0.2 0.2 0.2 0.2 0.2 0.1 0.1 0.1
Hydrogen bonding#
No. of Pairs
4 4 4 2 2 1 1 1
Residues Whose O and H¥ Atoms, Respectively, Are Hydrogen Bonded

5-2 5-2 5-2 1-3 1-3 5-2 3-1 1-3

1-3 1-3 1-3 3-1 3-1

3-1* 3-1~ 3-1r

4-1* 4-1h 4-1*
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Footnotes to Table IT

aUnits: energy in kcal/mol, angle in deg. *The same name (J through N) is given to conformations with similar backbone dihedral angles.
Roman numeral subscripts (I and II) distinguish the puckered states of the pyrrolidine rings in residues 4 and 5. See text for further
details. ¢Taken from paper 1.3 ¢The data listed pertain to the minimum-energy conformation. obtained by starting from this initial con-
formation. Corresponding data for minimum-energy conformations obtained by starting from the other initial conformations in this same
group deviate at most by: *2° for dihedral angles, £0.5° for out-of-plane deformations, and +0.08 kcal/mol for conformational energies.
The FMCG.minimizer stopped moving at these conformations, because the gradient vectors vanished in the single-precision machine calcu-
lation. ¢The definition of the dihedral angles conforms to the recent IUPAC-IUB convention;® in order to convert the values given in paper
I3 (which are given in an older convention2?) to the new convention, 180° should be subtracted from the old3 values. /E, = total conforma-
tional energy; AE\o; = Eio1 + 28.7; Eior = sum of torsional energy; Ey, = nonbonded energy (not including Eeq); Ees = electrostatical

energy, with D = 1;

Eps = bond stretching energy; Epap = bond angle bending energy; E.i = corner interaction energy; and E,,4 = out-of-

plane deformation energy. #A hydrogen bond is considered to be formed if the distance between O and HN falls in a range between 1.90 and
2.40 A, provided that O and HN are separated by five or more bonds. A bifurcated hydrogen bond?8 is formed for these two pairs of interac-

tions, 3-1 and 4-1, with 1 being common to both pairs.

value of Ky used in eq 6 (and given in Table ID) in the
rigid-molecule treatment.®:* In eq 7, R;; is the distance
between atoms i and j which are separated by more than
one intermediate covalently bonded atom; in such cases
the interactions are designated 1-4, 1-5, etc. The coeffi-
cients d;; and e;; of the Lennard-Jones potential for the
nonbonded interactions, and the partial charges g; and g;
for the electrostatic interactions Ees, are the same as in
paper 1;® also, as in paper 1,2 the hydrogen-bonding energy
is treated by eq 7, i.e.,, by a combination of a modified
Lennard-Jones potential and an electrostatic interaction.
A dielectric constant D of 1 is used instead of 4 as in
paper 1.3 The reason for this change is the desire to treat
the molecule here as an isolated one (in vacuum) since
no solvation or crystalline forces are included. This
change in the value of D does not involve any inconsisten-
cy between the results obtained here and those of paper I
since the only purpose of carrying out the computations of
paper I was to obtain good starting conformations for the
energy minimizations of the present paper. Since the
choice of starting conformations is arbitrary to some ex-
tent, the energy parameters used in the first computation?
do not have to be identical with those used here.

B. Selection of Independent Variables. The molecular
formula of the cyclic pentapeptide is given in Figure 1 to-
gether with the definition of the dihedral angles ¢’s, Vs,
w’s, and x’s, and out-of-plane deformations A’s.

The number of internal degrees of freedom in a nonli-
near molecule consisting of N atoms is 3N — 6, which
means that the conformational energy of such a molecule
is a function of 3N — 6 independent varibles if the mole-
cule is assumed to be flexible. However, the conforma-
tional energy of a molecule, given by eq 1, is expressed as
a function of more than 3N — 6 internal quantities.
Therefore, a proper set of 3N — 6 independent variables
must be chosen, and the other redundant internal quan-
tities must be expressed as functions of these. It is easy?
to choose a set of internal variables (bond lengths, bond
angles, dihedral angles, etc.) that are nonredundant.
However, the formulation of the dependence of the other
(redundant) variables on the selected independent vari-
ables is a rather complicated problem. Therefore, we take
the cartesian coordinates (instead of the internal quan-
tities) of a molecule as the independent variables. In order
to treat only 3N — 6 cartesian coordinates as the indepen-
dent variables, six of the 3N cartesian coordinates are
held fixed as zero; these are: the x, y, and z coordinates of
one of the atoms, the y and z coordinates of another atom,
and the z coordinates of a third atom. In other words, the
first, second and third atoms are held at the origin, on the
x axis and in the xy plane, respectively. Any atoms in the
molecule may be taken as the first, second and third
atoms. In the present paper, these are chosen as Ce2, C’,
and O, respectively, of Pros (see Figure 1). The internal

: I % X;/C":a x:/c’:z
A H H H H H HaCMy  Xe TCHp  HGRZ X5 “CH,
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Figure 1. Definition of dihedral angles (¢’s, {'s, w's, and x’s) and
out-of-plane deformations (X\’s) in cyclo(GlysPros).

quantities appearing in eq 1 can be calculated readily
from the cartesian coordinates.

In the process of energy minimization (described in sec-
tion IC), use has been made of the gradient of the energy.
The gradient vector g(x) can be calculated by means of eq
9, where x refers to the cartesian coordinates, and r; are
the internal quantities which appear in eq 1. The analyti-
cal form of §V/or; can be obtained from eq 1, and dr;/dx
is the Wilson s vector.1%

g(x)=6V/ax = Zi(aV/ar;)(ar,»/ax) (9)

C. Minimization of Conformational Energy. There are
49 atoms in the molecule under consideration here.
Hence, energy minimization must be carried out in a 141
(= 49%3 - 6)-dimensional space. The Fletcher-Powell
method,1® often used for minimization, requires a large
working space in the computer [n(n + 7)/2 words,18 where
n is the dimensionality of the problem] whereas the
FMCG method of Fletcher and Reeves® requires much
less (2n words).® These two methods® 18 were tested by
minimizing the energy of one conformation of the cyclic
pentapeptide, and found to require approximately the
same computer time. Therefore, the FMCG method,
which requires much less storage space, was used for ener-
gy minimization.

In the rigid-molecule treatment,® a complete (two-di-
mensional) energy contour map was calculated, and all
local minima were located on it. However, it is impossible
to provide a complete energy contour map in a 141-dimen-
sional space. Therefore, in the flexible-molecule treat-
ment, we have to proceed by picking a small number of
starting conformations, from which to carry out energy
minimization. The starting conformations were taken as
the thirteen minimum-energy ones obtained from the
rigid-molecule treatment,® according to the justification
provided previously® (primarily the anticipation that the
conformations obtained in the rigid-molecule treatment
would not change considerably when flexibility was intro-

(15) Seeref 11, chapter 4.
(16) R.Fletcher and M. J. D. Powell, ComputerJ., 6, 163 (1963).
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Figure 2. [llustration of change in conformation during energy minimization, starting with the (rigid) minimum-energy structures of paper
1,3 passing through an intermediate structure (at the 150th cycle of minimization), and ending with the minimum-energy structures (for the
flexible molecule). The final structures are those of lowest energy (J series).

duced). However, as will be described in section III, sig-
nificant changes in conformation do occur in extending
the treatment from the rigid-molecule one to the flexible-
molecule one. This is partly due to the fact that energy
barriers between local minima in the rigid-molecule treat-
ment sometimes disappear in this crowded and strained
molecule, when flexibility is introduced. Nonetheless, as
will be described in section III, the results obtained in this
paper support the assumption that the set of local mini-
mum-energy conformations in the rigid-molecule treat-
ment is a good one to use as starting points to reach all
local minima in the flexible-molecule treatment. This is
true even though the possibility exists that a local mini-
mum in the rigid-molecule treatment with an energy in
excess of 100 kcal might become a low-energy minimum
during energy minimization in the flexible-molecule treat-
ment. However, the existence of a local minimum in the
high-energy region is not very likely (and indeed was not
considered in paper 1,3 because it was considered to be a
physically unrealistic situation) since the energy is domi-
nated by repulsions between very few pairs of atoms in
such a high-energy region; and it is unlikely that these
few repulsions would compensate each other to produce a
local minimum in the high-energy region.

I1. Results

Starting with the thirteen local-minimum conforma-
tions (A-H, A’~-E’) obtained in paper 1,3 energy minimi-
zation of the flexible molecule led to the eight local-mini-
mum conformations shown in Table II. The reduction in
the number of minima arises from the fact that several of
the initial conformations converged to common conforma-
tions when flexibility was introduced. For example, four
different local minima (E, H, D’, and E’) from the rigid-

molecule treatment converged to the same minimum Jyg ;
in the flexible-molecule treatment; other convergences are
indicated in the first two rows of Table II. The eight local
minima fall into five classes, J through N, shown in the
first row of Table II, where the conformations in each
class are similar to each other except for the puckered
states of the two pyrrolidine rings in residues 4 and 5 (see
Figure 1 for the numbering of the residues). The letters J
through N indicate gross backbone conformations, and the
Roman numeral subscripts I and II designate conforma-
tions (the same as in paper I3) of the pyrrolidine rings
(with positive and negative values, respectively, for x4! or
xs1); for example, Ji;,; means that the conformations of
the pyrrolidine rings of residues 4 and 5 are such that x4!
is negative and xs! is positive. Therefore, the eight local
minima are distinguished by appropriate letters and sub-
scripts.

The values of the dihedral angles and the out-of-plane
deformations in the eight local minimum-energy confor-
mations are given in Table II. The total energy (and its
components) and the existence of hydrogen bonds!?-18 are
also given in Table II. The definition of the dihedral an-
gles conforms to the recent IUPAC-IUB convention;? in
order to convert the values in paper I (which are given in
an older convention??) to the new convention, 180° should
be subtracted from the old? values.

(17) In some cases, a bifurcated hydrogen bond?8 is formed.

(18) L. Pauling, “The Nature of the Chemical Bond,” 3rd ed, Cornell Uni-
versity Press, Ithaca, N. Y., 1960, p 451.

(19) IUPAC-TUB Commission on Biochemical Nomenclature, Biochemis-
try, 9, 3471 (1970).

(20) J. T. Edsall, P. J. Flory, J. C. Kendrew, A. M. Liquori, G. Nemethy,
G. N. Ramachandran, and H. A. Scheraga, J. Biol. Chem., 241, 1004
(1966).
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Figure 3. Same as Figure 2, but for the higher-energy structures.

In Figure 2 and 3 the conformations for the initial, in-
termediate (at the 150th cycle of iteration) and the final
minimum-energy structures are illustrated. The change of
each energy term during the minimization is shown in
Figure 4 for a typical case, viz., E — Ji1,1. Also, data are
given in Table III for this typical case to show how the
interatomic contacts and hydrogen bonding changed dur-
ing the energy minimization. ‘

The distributions of bond angles and bond lengths in
the minimum-energy conformations, and a comparison
with data from the literature!3-?1 are shown in Table IV.
The distribution of the values of the dihedral angles w is
given in Figure 5.

II1. Discussion

It should be noted that the values of the bond lengths
and bond angles in the minimum-energy conformations
agree very well with those found in an X-ray crystal study
of the model compound L-Leu-L-Pro-Gly2?! (see Table IV).
The ranges of the distributions of bond lengths, bond an-
gles (see Table IV) and the dihedral angle w (see Table II
‘and Figure 5) are reasonable. These observations provide
evidence for the reasonableness of the energy parameters.

As can be seen from Table II, the global minimum in
the flexible-molecule treatment is at conformation Jip,r.
However, in the J group, Ji1 and Jii,11 are low-energy
local minima. Thus, it is quite natural to suspect that we
may have missed another local minimum (J;,11) because

(21) Y. C. Leung and R. E. Marsh, Acta Crystallogr., 11, 17 (1958).
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Table IIT
Changes of Interatomic Contacts and Hydrogen Bonding
during the Minimization of the Initial Conformation E

Conformation®
Initial Intermediate Final
Number of pairwise
interactions with?
E,gw > 5.0 2 0 0
50> Eygw > 1.0 3 0 0
1.0 > Eygw > 0.5 2 0 0
0.5> Eygw > 0.25 2 1 2
0.25> Eyqw >0 4 10 9
Number of pairs of
hydrogen bonds 0 0 4c

alnitial conformation is the minimum-energy one, E, obtained
previously® in the rigid-molecule treatment. Intermediate confor-
mation is the one obtained at the 150th cycle of iteration. Final con-
formation is Jy; | of Table II. *E,q. is the van der Waals nonbonded
interaction energy between a pair of atoms. ¢The pairs of atoms
participating in these hydrogen bonds can be seen in Table II. Two
of the four hydrogen bonds are bifurcated.

we started the minimization only from the local minima
obtained in the rigid-molecule treatment. If such a local
minimum exists in the expanded space of the flexible
molecule, then it would be one which cannot be reached
from any of the local minima of the rigid-molecule treat-
ment. Since we are assuming that all minima in the flexi-
ble-molecule treatment can be reached by starting from
the local minima of the rigid-molecule treatment (see sec-
tion IC and also ref 5), it is necessary to examine this
question. For this purpose, energy minimization was per-
formed by starting from a point which was artificially
made to adopt conformation Jy ;. This was done by tak-
ing conformation J;; and replacing the coordinates of the
atoms in residue Pros by the coordinates of the atoms in
residue Pros of conformation Jiy 11. This artificially gener-
ated conformation had an initial energy which was quite
low (it had no steric overlaps, and Eio; = —22.9 kcal/
mol). However, after energy minimization, a new local
minimum was not reached; instead, the conformation and
energy converged to those of Ji1,11. Therefore, we can con-
clude that there is no local minimum corresponding to
Jr11.

One of the most striking results obtained here is that
the global minimum Jii 1 is reached from four different
local minima of the rigid-molecule treatment, and ob-
viously through different pathways (see Figure 2). This
means that, as soon as flexibility is introduced, the local
minima of the rigid-molecule treatment are no longer
points of minimum energy, and new pathways are found
which lead to the low-energy region. The extended flexi-
ble-molecule conformational energy surface is, in a sense,
smoother than that of the rigid-molecule treatment. A
similar smoothing and lowering of the barriers between
local minima of an energy contour map, upon introduction
of flexibility, was observed earlier? for the dipeptide gly-
cyl-L-alanine. A primary effect of the introduction of flexi-
bility is the relief of steric overlaps by small changes in
bond lengths, bond angles, and dihedral angles around
peptide bonds. This relief occurs mostly within the first
10 cycles of iteration by the FMCG method, as can be
seen in Figure 4. However, no less important an effect of
the introduction of flexibility is the elimination of energy
barriers between conformations. When flexibility is intro-
duced, the dimensionality of the conformational space is
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Figure 4. Changes of the total energy, E(current in cycle i) — E(final), and its constituents with cycle of minimization, for the case E —
Ji1,1. (a) for cycles 0-10, plotted for every cycle; (b) for cycles 0-100, plotted for every 10 cycles; (c) for cycles 0-2445 cycles, plotted for every
100 cycles. The same abbreviations as in Table II are used for the various energy contributions.
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Figure 5. Distribution of the dihedral angles w around the pep-
tide bonds in the eight minimum-energy conformations.

enlarged, and new paths are often followed; these pass
through the newly added dimensions, and avoid the ener-
gy barriers which are present in the limited space corre-
sponding to the rigid-molecule treatment. In Figure 4, the
changes of total conformational energy Eio: and its con-
stituents are plotted against the cycles of minimization
for a typical case in which the starting conformation is E.
The bond stretching energy Eys approaches a value which
differs from the final one by only a few tenths of a kcal
within 10 cycles, as shown in Figure 4a. The changes of
the bond angle bending energy Epap in the course of mini-
mization are very small (requiring a magnification by a
factor of 10 to be visible in Figure 4) and rather irregular;
essentially the same behavior was observed for the corner
interaction energy E.i and the out-of-plane deformation
energy Eopa, and are not shown in Figure 4. Eqpq, espe-
cially, remains very small, the maximum value observed
in the process of minimization being 0.5 kcal/mol. The
torsional energy Eior behaves similarly at the beginning,
but approaches the final value steadily toward the end of
the minimization. Other energy terms like Enp or Ees
often decrease at the (small) expense of the energy terms
corresponding to the hard variables. The main contribu-
tion to the decrease of 88.1 kcal/mol in the total energy
E:ot comes mainly from the nonbonded interaction energy
E., and the electrostatic interaction energy Ees. Enp de-

creases more rapidly than Ees because the former is a
sharper function of conformation than the latter.

The rate of convergence, i.e., the number of cycles of it-
eration with the FMCG minimizer until the minimum
point is reached, ranges from 258 cycles (for B — Ny 1) to
2743 cycles (for H — Jy1,1). The quickest minimization
(258 cycles) is, in fact, an extremely rapid process in light
of the complexity of the function minimized and the num-
ber of variables involved (i.e., 141).

Local minimum-energy conformations from the rigid-
molecule treatment, which were used as starting confor-
mations, were sometimes found to be close to those ob-
tained in the flexible-molecule treatment (e.g., B — Ny i,
see Figure 3), but often not so. This means that the ener-
gy barriers around local minima in the rigid-molecule
treatment are in many cases (at least in the molecule
studied here) quite artificial, and arise from the assump-
tion of rigidity of bond lengths, bond angles, and dihedral
angles around peptide bonds. When the molecule is treat-
ed as flexible, the energy barriers can often be avoided by
allowing these hard variables to deviate slightly from the
values used in the rigid-molecule treatment. In particular,
the energy barriers existing between very similar mini-
mum-energy conformations in the rigid-molecule treat-
ment often disappear and these similar conformations
merge into the same minimum-energy one in the flexible-
molecule treatment (e.g., B and C — Ni 1, A and B’ —
Lii1, E and E/ — Ji1,1, D’ and H — Ji1,1), though some-
times the barriers remain {e.g., A’ and D, which are simi-
lar, go to two different (but similar) conformations, viz.,
K and Kji, respectively]l. The effect of introducing
flexibility is large in a strained system, and it is observed
in this strained molecule of cyclo(GlysProz). The results
obtained in this paper indicate the necessity for carrying
out the second minimization in the flexible-molecule
treatment, after the first minimization has been per-
formed in the rigid-molecule treatment, especially in
strained systems. Even though the conformations of local
minima in the rigid-molecule treatment are often not
close to those in the flexible-molecule treatment, it seems
to be a good idea to use the local minima in the rigid-mol-
ecule treatment as starting conformations for the second
minimization. The absence of J; i1 as a local minimum
provides supporting evidence for the assumption that all
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Table IV
Distributions of Bond Lengths and Bond Angles in the Minimum-Energy Conformations
Values from Values for
Type Amino Acid Residue® Amino Acid Type Distribution? Model Compound® Rigid Geometry?

N(Cx)C’ 1,2,3 Gly 108.3 + 1.8 107.9 109.5

4,5 Pro 1104 + 5.1 111.2 109.5
C/(N)Ce 1,2,3 Gly 1228+ 1.2 122.2 123.0

4,5 Pro 121.7x 1.3 120.6 121.0
C(C)N 1,2,3 Gly 116.8 £ 2.1 115.3 114.0

4,5 Pro 1183+ 1.6 118.6 119.0
N(C)C8 4,5 Pro 101.0+ 24 103.7 104.0
Ca(CHCv 4,5 Pro 106.0 = 2.0 106.8 107.0
C8(CmC? 4,5 Pro 105.1 £ 1.6 105.6 106.0
C(C*)N 4,5 Pro 1018+ 1.5 103.4 103.0
CH(N)Ce 4,5 Pro 113.7+ 0.7 113.3 113.0
C'=0 1,2,3 Gly 1.220 + 0,003 1.236 1.24

4,5 Pro 1.221 £ 0.002 1.276 1.24
C’-N. 1,2,3 Gly 1.300 + 0.003 1.314 1.32

4,5 Pro 1.304 + 0.003 1.339 1.34
Ca-C’ 1,23 Gly 1.494 + 0.003 1.512 1.53

4,5 Pro 1.492 + 0.006 1.519 1.50
N-Ce« 1,23 Gly 1.447 + 0.003 1.454 1.47

4,5 Pro 1.472 £ 0.007 1.452 1.45

2The residue numbers are those of Figure 1. The C’-N bond is regarded as belonging to the amino acid residue to which the N belongs.
%The distribution means that the values found in the eight minimum-energy conformations (described in Table II) are distributed in the
range bracketed by the upper (+) and lower (—) limit indicated. Units are degrees for angles and A for lengths. ¢The values in this column
are the X-ray data of Leung and Marsh?! for the model compound L-Leu-L-Pro-Gly. The uncertainties in the observed values for the bond

angles and bond lengths are +£2° and +£0.03 A, respectively. ¢Taken from ref 14.

local minima in the flexible-molecule treatment can be
arrived at by energy minimization starting from local
minima in the rigid-molecule treatment.

Free energies rather than energies should be compared
to determine the relative stabilities of various conforma-
tions.> However, we can conclude from the present energy
calculation that the most stable conformation is one of the
J group in Table II, because the difference in contribu-
tions to the free energy from conformational entropy is of
the order of 1 kcal/mol,* while the difference in energies
of conformations in the J and K groups is about 10 kcal/
mol. Of the conformations in the J group, Ji1.1 is the most
stable energetically. The difference in energies among the

conformations in the J group arises mainly from the dif-
ference in the conformations of the pyrrolidine rings. The
conformational entropies would also expected to differ.
But the difference would be expected to be smaller in this
case (where the main differences in conformation are con-
fined to the pyrrolidine rings) than in the one in which the
backbone conformations differ from each other. Therefore,
the order of stability obtained in the energy calculation,
i.e., Ji1,1 being the most stable conformation, would not
be changed even if entropic contributions were calculated.
The conclusion of this paper is that Ji1,; in Table II and
Figure 2 is the most stable all-trans peptide bond confor-
mation of cyclo(GlysPros).



