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Figure 3. Molecular content of the unit cell (stereoscopic view). The thermal ellipsoids are drawn for 50% probability, except for those of the hydro-

gen atoms which are not drawn to scale.

contributes to increase cohesion between successive porphy-
rin complexed molecules.
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Conformational Energy Analysis of the Molecule, Luteinizing
Hormone-Releasing Hormone. 1. Native Decapeptide
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Abstract: Low-energy conformations of luteinizing hormone-releasing hormone (<Glu-His-Trp-Ser-Tyr-Gly-Leu-Arg-Pro-
Gly-NH;) have been obtained using “empirical” energy calculations. The conformational space of the sections <Glu! to
GlyS and Gly® to Gly!0-NH; was searched as separate entities, and the minimum energy conformations of these two sections
were then used as starting conformations for refinement of the complete molecule. The minimum energy structure is consis-
tent with experimental assay data derived from a series of amino acid substitution analogues.

Since the characterization of the luteinizing hormone-re-
leasing hormone (LH-RH) molecule, <Glu-His-Trp-Ser-
Tyr-Gly-Leu-Arg-Pro-Gly-NH,, as the factor responsible
for stimulating the secretion of the pituitary hormone(s)
which regulate ovulation,!-3 many synthetic analogues have
been assayed in an attempt to illucidate the structure-activ-
ity relationships and to search for inhibitors of LH-RH.4-°
A structure for LH-RH has been proposed,'® based on
model building and using experimental analogue data. Two
carbon-13 NMR studies!!!? have given some insight into
selected aspects of the conformation of LH-RH, and a pro-
ton NMR study has added some understanding to the con-
formation.'3 However, to date, the conformation(s) remain
unknown for LH-RH, either in solution or in the solid state.
In order to gain some further understanding of the stereo-
chemistry of LH-RH, empirical energy calculations!4-16

were carried out to search for the most stable conforma-
tion(s) of LH-RH.

LH-RH is not a small polypeptide from the standpoint of
conformational studies (see Figure 1), and it is not feasible
to attempt to examine all of its conformational space by
generating all conformations and comparing their intramo-
lecular energies. However, by using the observation that
D-Ala substituted in place of glycine at the 6 position®'?
causes a conformational stabilization which greatly en-
hances the production of luteinizing hormone, while L-Ala
at the 6 position reduces the LH-RH potency to ~4% of the
natural LH-RH, it is possible to reduce the conformational
space of Gly® to a region defined by two possible sets of
backbone dihedral angles around the Gly® residue. Further,
a carbon-13 NMR study!! indicated that the proline pep-
tide bond was completely trans in LH-RH. Using these two
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Table I. Starting Conformations for Each Amino Acid Residue in
LH-RH

Amino acid
residue Conformations
<Glu B1, £60°
His, Trp, Ser, Tyr, Cs%4, 81, 82, 21, ar
Leu, Arg
Gly6 C7ax, aL
Gly!0 C2%, C7%9, B4, ar, aL
Pro Iy =-=15—-=50°),11 (y = 150 - 170°)

Conformation Range of backbone dihedral angles?

C ® = —80 £ 20°; = +80 & 20°
Cox ¢ = +80 £ 20°; ¢ = —80 £ 20°
B b=—165+ 15y = 155 & 25°
2, b=—145+5°y=75+5°

B é=—=70+ 10°y = 130 £ 10°
ar 6 =—=70+10°y = —60 % 10°
aL ¢ =70+ 10°y = 60+ 10°

% The uncertainty values in dihedral angles cover the range of
minimum energy positions found in each given dipeptide confor-
mation!S for all the residues listed.

pieces of experimental information, as well as the computa-
tionally derived low-energy “dipeptide” conformations of
the residues involved,!’ it has been possible, by energy mini-
mization techniques, to find three low-energy conforma-
tions of LH-RH, one of which appears to explain the ob-
served analogue data.

Energy Calculations. The empirical energy parameters
and functions used for this analysis have been documented
elsewhere,!316 and only a brief description of these calcula-
tions will be given here. The conformational energy has
been partitioned into various nonbonded, electrostatic, and
hydrogen bonding interactions, plus torsional energy (aris-
ing from rotations around bonds). The attractive nonbond-
ed energy terms interacting between atoms have been ob-
tained from atomic polarizability data and the repulsive
terms derived from crystal packing studies.!® Electrostatic
energy was obtained from the pairwise coulombic interac-
tions of partial atomic charges (monopole approximation),
which were determined from CNDO/2 molecular orbital
calculations!® on amino acids.!® An “effective” dielectric
constant of 2 is used throughout. The stabilization energy
arising from the formation of hydrogen bonds was calculat-
ed using a 10-12 function,'®20 and the parameters of this
term were refined by crystal packing analysis.!® Interac-
tions between atoms separated by three bonds are treated
differently than those separated by four or more bonds,!5:20
The bonds which require a torsional term include the pep-
tide bonds, the hydroxyl C-O bond of Thr, the hydroxyl
C-O bond of Ser, and the x>, x®, and x” bonds of Arg (see
Figure 1). The imidazole ring of His was taken to have the
proton located on the N? position, and Arg was taken as un-
charged. The <Glu geometry was that described previously
for calculations carried out on thyrotropic releasing factor
(TRF),'¢ with the structure corrected to give the L iso-
merﬁ.21 The proline geometry was that described previous-
ly.!

Choice of Starting Conformations. In order to determine
a conformation which is of moderately low energy (i.e., has
no serious atomic overlaps of very high energy for short-
range interactions), it is possible to use the results of energy
minimization calculations on dipeptides.!* The dipeptide
minima of low energy which were used here to generate
starting conformations are given in Table I. The dihedral
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Figure 1. Primary sequence of luteinizing hormone-releasing hormone
showing dihedral angles allowed to vary in the energy minimization.
Some hydrogen atoms have been omitted for clarity.

angles are given in I[UPAC-IUB convention?? throughout
this work. Because of the very large number of starting con-
formations which are allowed from the dipeptide values
given in Table I, some simplifying assumptions were neces-
sary. The first simplification was to use molecular models??
as tests for each starting conformer. If the conformer was
such that residues separated by at least one residue showed
atomic overlaps which could not be reduced by minor ad-
justments (i.e., £20°) of backbone dihedral angles, then
that conformer was discarded. Thus, only conformers which
did not exhibit excluded volume effects (i.e., serious long-
range repulsive interactions) were chosen to be studied by
energy minimization. A more detailed discussion of this
procedure will be given for the two individual sections of
LH-RH (i.e., residues 1-6 and 6-10) which were studied
separately. The low-energy conformers of the two sections
were subsequently combined to give the total sequence.

The sectioning of the molecule LH-RH into two parts
was carried out in order to reduce the magnitude of the
minimization problem (i.e., fewer variables at one time).
The first section includes the residues from <Glu! through
Gly®. The second section includes Gly® through the N-ter-
minal side.

The minimization technique used was that of the conju-
gate gradient algorithm proposed by Powell*4 and modified
by Zangwil] 25

Low-Energy Conformations of <Glu!-His2-Trp3-Ser*-
Tyr5-GlyS-NH,. The section <Glu! to Gly® was studied sep-
arately from the remaining residues. The N-terminal group
was treated as an amide (GlyS-NH,). Experimental activity
data®'7? indicated that the conformation of the backbone at
Gly® was acceptable for substitution of D-Ala%, but not L-
Ala®; thus, Gly® was held in one of the conformations given
in Table I. By starting Gly® preferentially in the C,2* and
ar conformations, there remain 18 variable dihedral angles
associated with this section. The variables are ¥, w; of
<Glu (¢ is fixed by the geometry of the <Glu ring!4); ¢,
Y2, X2', x2% of His?, 3, ¥3, X3!, x3% of Trp3; ¢, Ya, xa's x22
of Ser%; and ¢s, ¥s, xs!, xs? of Tyr’. All w’s except that of
<Glu were kept at the trans (w = 180°) conformation and
xs° of Tyr® was held in the extended (xs3 = 180°) configu-
ration. Starting conformations were constructed with the
models from combinations of the favored values shown in
Table I. The number of possible backbone conformations of
this section before excluding overlapping regions is 1250.
Starting at the C-terminal end, it was found that the Tyr*-
GlyS-NH, pair preferred only six of the ten possible combi-
nations (i.e., 40% are disallowed). This result was found by
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Table II. Results after Ten Cycles of Energy Minimization upon
<Glu-His-Trp-Ser-Tyr-Gly-NH;

Residue conformation?

<Glu!, Energy

Yy,deg  His? Trp® Ser* Tyr® Gly® kcal/mol
A 125 B B2 C:%4 Cq#a Cqax -=10.2
B 167 B2 B aR 2 Co3x -9.6
C 126 C¥ aqr C® aqr C** -=9.3
D 176 ar C% B, B Cs* =9.2
E 125 B2 B2 B2 B2 G -85
F 93 aR B2 C7#4 Ci8a (Cq8x -8.5
G 125 B B2 Cs% 21 Cqax -73
H -176 aRr ar C® 2 ar —-6.2
1 169 ar  ar ar oar’? aL -5.0
J 140 ar B2 B2 B2 Gy =37
K 162 B2 B2 ar B C* =27

@ See Table 1 for specification of the conformational regions in
terms of backbone dihedral angles. & ar’ was not a starting confor-
mation and resulted from energy minimization (ar’ is defined as ¢
= —140 — —150°; x = =50 — —60°).

computing the energies for all ten combinations and was
found to be nearly independent of the Ser* conformation.
The Trp3 and Ser* conformations were even more sterically
sensitive than the Tyr*-GlyS-NH; since variation in their
backbone ¢ and y values could bring the ends of the mole-
cule together causing many long-range steric overlaps. The
large Trp? side chain directed the exclusion of certain con-
formations farther along the chain. The His® conformation
was also limited to certain allowed combinations of ¢ and y,
while the <Glu! y value was moderately free to rotate (in
the regions Y = +60 and 180°) and this residue took up
conformations which were most energetically preferred
from long-range interactions. A total of ~200 conforma-
tions was found to have acceptable backbone conformations
from model building studies. The side chains were allowed
to overlap in these initial models. Upon constructing the
200 allowed conformers, the side chains of each particular
residue were put into the most favored conformation found
in dipeptide studies, for the particular backbone ¢ and y
values of the given residue. Energy minimization was subse-
quently carried out, including all 20 variables, until the par-
ticular starting conformation either could not find a path to
a lower energy form or until the energy did not change from
one cycle to the next by more than several tenths of a kcal/
mol. Of the 200 starting conformations, only those listed in
Table II were found to be of energy less than 8 kcal/mol
higher than the lowest energy conformer found. In each of
the low-energy structures of Table II, several side-chain
conformer combinations were further tested to verify that
the most favorable side-chain positions had been found. In
almost every case, it was found that the best side-chain con-
formation for the “dipeptide” was also the best for the poly-
peptide. The conformations and energies resulting from the
above procedure for the first six residues, after at least ten
cycles of energy minimization (i.e., through ~500 energy
function calculations), are given in Table II. No obvious
trends stand out insofar as a particular residue conforma-
tion is concerned. Thus, all of the conformations of Table 11
are combined with the conformations obtained in the next
section, in order to obtain the lowest energy conformer for
the complete LH-RH molecule.

Low-Energy Conformations of N-Ac-GlyS-Leu’-Arg8-
Pro®-Gly!%-NH,. The section of LH-RH starting at Gly®
was also studied independently of the first five residues. As
in the previous section, it was possible to fix the ¢ and ¢

Table III. Results after Ten Cycles of Energy Minimization upon
N-Ac-Gly-Leu-Arg-Pro-Gly-NH;

Residue conformation

Pro®, Gly'%-  Energy,

Gly®  Leu”  Arg? Y,deg ©  NH;  keal/mol
a C7ax QaR 21 =20 61 —40.5
b Cq2x Cq® 21 -17 81 -38.1
9 C7ax (233 21 165 61 -38.0
d R aRr 2y —43 C,a% =377
e C,2x C4 2, —49 C. =376
f CpAax C: 2; —46 C2* -36.4
g aL C-4 2 =22 81 =364
h oL R 21 =22 81 —=36.3
i Cq8x 2y 2y —45 C,% -36.0
j Cqax C,& 2y 165 e -35.9
k agr 2, 2 -18 ar’? -354
1 G 2 8> -55 CA* =350
m 61 61 B] -=50 C7ax =301

a See Table 11 for definition of ar’ conformation.

values of Gly® at one of the two conformations of Table I,
and by doing this, it was possible to overlap this residue
with the results for Gly® of the previous section. The 14
variable dihedral angles to be examined in this section are
b6, ¥s of GlyS; ¢7, Y7, x7%, x7% of Leu”; s, ¥s, ws, xs, xs*
of Arg®; Y9 of Pro®; and ¢10, Y10 of Gly'C. The dihedral an-
gles wg, w7, wo, and wyp are all taken to be in the trans (w =
180°) conformation, while x7° and x7* of Leu” and xs2, x5,
i3, xg% and xg’ of Arg® are kept in the extended (x =
180°) conformation. Similarly to the previous section, pos-
sible starting conformations of this section were constructed
from combinations of the favorable values of each backbone
dihedral angle, and the side-chain conformations were cho-
sen to be those of low energy for a given dipeptide backbone
values.!®> Models of the various starting conformations were
next examined for long-range atomic overlap, and those
models found to be acceptable were generated and put
through a series of energy minimization cycles in which all
the above dihedral angles were allowed to vary. The results
of this study are given in Table III. Only the 13 lowest ener-
gy conformations (obtained after at least ten cycles of ener-
gy minimization) are given. Many other conformations
were eliminated by model building and others by energy
considerations.

Several observations which can be made from Table 111
are as follows. First, all lowest energy conformations have
Arg® in the 2; backbone arrangement. This result appeared
even when the starting values of ¢ and ¥ of Arg® were not
those of the 2, conformers. In fact, in only a few cases (all
more than 5 kcal/mol above the lowest energy conformer)
did Arg® remain in a conformation other than 2, (see last
two entries of Table III). Second, Leu’ was found to prefer
the ar conformation (as in a) over that of C+%4 (as in b) by
~2 kcal/mol. Third, Pro® was found to prefer form I over
form II by several kcal/mol in this short section of the mol-
ecule. Tests of x7! of Leu’ and xs! of Arg® were made to as-
certain that the best “dipeptide” side-chain positions!> were
in fact also the best for the oligomer studied here.

Low-Energy Conformation of LH-RH. The results from
the two previous sections were used to construct models of
the complete LH-RH molecule. All possible combinations
of A-K of Table II and a-m of Table 1II were constructed.
It was found that many combinations could be eliminated
because of extensive atom overlaps which could not be re-
duced by small changes (i.e., 20 in ¢ and ) in any back-
bone dihedral angles. In those cases where side-chain atoms
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Table IV,
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Results of Energy Minimization on <Glu-His-Trp-Ser-Try-Gly-Leu-Arg-Pro-Gly-NH;

Residue conformation

No. of <Glu!, Prod, Energy,

starts ¥, deg His? Trp? Ser? Tyr? Glys Leu”  Arg? ¥, deg Gly'®  kcal/mol
AA9 173 C.% B C& Cs8 Cax 2; 2; -17 81 -50.0
BB S 170 Cq& B2 Coa Cq&d C,2x 2 2 173 B1 —49.0
cC7 137 aR B C% Coea CpAax 2; 21 =27 81 —-47.2
DD 2 156 aR C8 2, 81 C,8x aR 2; -17 81 —-43.7
EE 10 -179 8> 8 ar Crea Byt 2 2% -28 8, —4038
FF 3 172 aR B2 C# C& C2x 2 2; 177 aRr’? -39.3
GG2 172 QR QR Cs8 [ert 2/¢ C84 21 =23 81 =375
HH 1 172 aRr B2 Coe aRr (ori R 2 —-54 C& -36.5
1l 126 8, 8 C G 2, 2 -23 8 -359

a See Table II for the definition of the ar’ conformation. ¥ The 82’ conformation has dihedral angles of ¢ = 70 % 10°; ¢ = —130 £ 10°.
¢ The 2y’ conformation has dihedral angles of ¢ = 140 — 150°; ¢ = =70 — —80°.

were sterically interacting with atoms of the second section,
changes in side-chain dihedral angles were examined in
order to reduce these overlaps. The variables for energy
minimization are the same as those used for both previous
sections of the molecule, plus the added variables, wg of
GlyS, wy, x7°, x7* of Leu’, and xs2, xs°, xs° of Args. A total
of 39 dihedral angles were allowed to vary in the minimiza-
tion cycles carried out on LH-RH. The number of different
starting conformations in which all variables were allowed
to be varied, and on which at least three cycles of energy
minimization were carried out, was 143. Of these 143 start-
ing conformations, the lowest energy conformers were fur-
ther minimized until the total energy change was less than
0.1 kecal/mol per cycle.

The results are given in Table IV and the number of
starts indicates the number of different side-chain conform-
ers tried for the given backbone conformation. In many
cases, the starting conformation was considerably perturbed
upon energy minimization. An example of the magnitudes
of change in dihedral angles that occurred for each residue
upon ten cycles of energy minimization is shown in Figure
2. In the case shown (EE of Table IV), the backbone dihe-
dral angles of the Leu’ residue were started near the ag
conformation and, after minimization, resulted in a confor-
mation in the 2; region. This conformational change of
~90° in y involved going through an energy pass and over a
barrier of several kilocalories. At each step in this change,
however, the total conformational energy was decreasing.
Other changes in dihedral angle for this case are of the
order of 10 — 30° in ¢ or ¢, and changes of this magnitude
were observed in many of the conformations given in Table
IVv.

The lowest energy conformations found for LH-RH are
AA, BB, and CC. An examination of the combination of
the two sections of LH-RH which were studied indepen-
dently shows that upon combining two low-energy sections
some changes in residue conformation take place. For ex-
ample, the His? residue in the 8, conformation of conformer
A in Table II has been converted to a C7% conformation in
LH-RH, (i.e., see AA of Table IV). Also, conformation b of
Table III is close to that found in the lowest energy confor-
mation of LH-RH, except that Leu’ (C7%9) has moved into
the 2, region for this residue. These changes are not large
(see Figure 2) and do not entail significant changes in ener-
gy. However, it is of interest to note that the complete mole-
cule of LH-RH was required in order for these conforma-
tions to become of lower energy than the starting (i.e., sec-
tioned) conformations.

Structure CC of Table IV is similar in most respects to
structures AA and BB, being made up of conformer F of
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60 F\_ 2, e
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v o -
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- l/sr\ L ﬁ I\ [

80
-180 -120 -80 0 80 120 180
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Figure 2. A ¢(N-C=), Y(C*-C’) conformational energy contour di-
agram for the molecule N/-methyl-L-alanylamide. The arrows indicate
the direction that each set of backbone ¢ and y values took, upon ener-
gy minimization, to obtain conformer EE: His? (+), Trp® (a), Ser*
(0), Tyr’ (@), Glys (1), Leu’ (1), Pro® (X), and Gly' (m). The energy
is in keal/mol.

Table II and b, modified as described above for AA, of
Table III. Other combinations of the two sections are seen
in the higher energy structures of Table IV, but because of
the large gap (~7 kcal/mol) in energy from structure AA
to DD, we will limit ourselves to a discussion of conformers
AA through CC,

The partitioned energy components of conformers AA
and CC show no striking differences. For example, the elec-
trostatic energy is —1.5 kcal/mol in AA and —1.2 keal/mol
in CC, while the nonbonded (repulsive + attractive) plus
hydrogen bonded energies are —48.8 kcal/mol in AA and
—47.5 kecal/mol in CC. The torsional energy terms (+0.3
kcal/mol in AA and +1.5 keal/mol in CC) differ in large
measure from the increased nonplanarity of the Arg8-Pro®
peptide bond in conformer CC, as compared to this bond in
AA. The low values for the torsional energy indicate that no
serious strain has been put on those bonds which have a tor-
sional potential contribution.

The dihedral angles for conformers AA and CC of Table
IV are given in Table V, and structure AA is shown in Fig-
ure 3. Structure CC is shown in paper 226 of this series. The
only major difference between structures AA and BB is in
the ¥ value of Pro®. This change in Y(Pro) moves the tail
(Gly'%-NH>) of the molecule as shown in Figure 4, and
these positions which are energetically closer in the com-
plete LH-RH molecule than they were in the sectional se-
quence will be discussed in paper 2.26
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Table V. Low-Energy Conformations of LH-RH*

Dihedral angles, deg

Residue ¢ 1 w X1 X2 X3 X4 Xs X6 X7
Conformation AA (Y — Pro® = —17.5°)
1 Pyroglutamate 173.0 -179.0
2 Histidine —87.6 87.1 180.0 -160.0 —-62.4
3 Tryptophan -79.7 166.6 180.0 —-60.2 -70.9
4  Serine -74.2 94.6 180.0 66.9 50.6
5 Tyrosine -79.7 88.1 180.0 —54.8 122.0 180.0
6 Glycine 80.8 -76.2 177.3
7 Leucine -149.6 49.0 —-174.5 —158.3 86.0 -171.7 -174.6
8 Arginine -151.9 87.6 177.5 —164.6 165.9 170.0 -78.4 178.7 180.0 180.0
9 Proline-down- =75.0 -17.5 180.0
B
10 Glycine —-159.5 152.6 180.0
11 Carboxyl-NH; 180.0
Conformation CC (¢ — Pro® = —28.5)
1 Pyroglutamate 137.0 179.3
2 Histidine —68.0 —48.2 180.0 —158.4 —56.8
3 Tryptophan -123.9 163.7 180.0 —63.4 =754
4 Serine -76.9 95.3 180.0 67.2 50.2
5 Tyrosine —-82.2 96.7 180.0 —-56.9 -=52.7 180.0
6 Glycine 79.8 -91.4 170.5
7 Leucine —138.7 58.4 179.5 -161.9 86.2 -171.6 —174.6
8 Arginine —-152.2 85.6 167.1 —166.6 —175.3 177.4 75.8 -176.0 180.0 180.0
9 Proline-down- —75.0 -28.5 180.0
B
10 Glycine —144.9 142.5 180.0
11 Carboxyl-NH; 180.0
4 Eo = —50.0 keal/mol for conformation AA and Eo = —47.2 kcal/mol for conformation CC.
. —82 T T T T T
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Figure 3. View of conformer AA. For clarity, some of the hydrogen
atoms have been omitted. The dotted lines indicate H--O hydrogen
bond directions.
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Figure 4. View of the two conformations around Pro®. Conformer A is
a “puckered” form, Y5 ~ —20°; B is an “extended” form, Yo =~ 165°.

Conformation CC of Table IV differs from AA and BB
primarily in the ¥ value of His2. The effect of this change is
to reverse the His? ring and <Glu directions (see Figure 3),

76 78 80 82 84 86 88
@ (deg)

Figure 5. Energy contour diagram for change of energy of conformer
AA, as @6 and Y of GlyS are varied. All other dihedral angles of con-
former AA were held fixed. The energies are in kcal/mol, scaled to
zero at the minimum of ¢ = 80.8°; y¢ = —76.2°.

with the His? ring having nearly planar ring-ring stacking
with the Trp? ring, but at a distance of CY(His)--CY(Trp)
of ~4.5 A and the <Glu! residue now being somewhat bur-
ied in nearly the same position as is the His? ring of struc-
ture AA, as shown in Figure 3. This conformation will be
discussed further in the context of the structure-activity
mechanism, in paper 2 of this series.?¢

Since structures AA-CC seem to be “hinged” at GlyS, it
was important to examine the flexibility of these conform-
ers at this residue. As might be expected, the ease with
which rotation can occur around the ¢ and y bonds of Gly®
will play a major role in its overall conformational popula-
tion in solution. In Figure 5 the total energy is shown as a
function of the backbone dihedral angles, ¢ and ¥ of Gly®.
From Figure 5 it can be seen that by opening up both angles
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simultaneously one can move 3-5° along ¢ and ¢ without
losing more than 2 kcal/mol of energy. However, it is ob-
viously not energetically favorable to open the structure up
completely in this manner (i.e., this path for unfolding must
go over a barrier of several kcal/mol). It does show, how-
ever, that if one substituted a bulky L isomer at this particu-
lar residue, steric effects would be sufficient to change the
conformation around Gly®.

The flexibility of various side-chain positions has also
been examined. In particular, the position of the His? ring
in conformer AA was examined for possible hydrogen bond-
ing at the N%H or N¢ positions. It was found that no strong
interactions at these sites were taking place and that by ro-
tating x22 by ~180°, an equivalent energy conformer was
obtained. Examination of the Trp ring conformation was
also carried out for both AA and CC conformers, varying
both x3! and x3% Equivalent energies for two conformers
were found by minimization, with dihedral angles of x3! =
—49° 32 = 107° and x3! = —60°, x3% = —71°. The first
conformer, called “ring up”, will be discussed further in
paper 2, as a comparison to some analogue model com-
pounds. Variation of the Ser?, side-chain conformation gave
the y4! = +66° and x4 = +50° as being best, due to a fa-
vorable hydrogen bond to the Ser* carbonyl oxygen. Chang-
ing x4! to —60° and 42 to 180° raises the energy by a few
tenths of a kcal/mol, but this conformer would be allowed
in solution. The side-chain dihedral angles of Leu’ and Arg®
which were not included in the energy minimization were
also examined. The dihedral angle xg* of Arg was tested for
+80° and found to be several tenths of a kcal/mol less fa-
vorable than the —80° conformer. The side chain of Leu
was not found to be favorable in any other position.

Clearly, the side chains of LH-RH are relatively flexible
and can take up different positions with little change in en-
ergy. Further, the small differences in energy between con-
formers AA, BB, and CC would indicate that some popula-
tion of all three would exist in solution. However, the calcu-
lations presented here would indicate that the basic struc-
tural integrity of the backbone of the molecule will be re-
tained as the largest population of the conformers in solu-
tion, and the structure should not be designated as a series
of random conformations.

Conclusions

The low-energy conformers of LH-RH determined here
(AA-CC) are consistent with the available experimental
data. The results of a proton NMR study!3 gave JyH_cH
coupling constants in substantial agreement with the val-
ues of ¢ presented in Table V. That is, Jyy_cy values of
6.2-7.4 Hz give, from the Bystrov?’ relationship, values of
¢ in the range —160 £ 10° and —80 + 10° (positive ¢
values are not included here although the Bystrov?’ rela-
tionship is degenerate in these angles). These values may be
compared to the ¢ values of Table V. The Gly® ¢ value of
~150° is somewhat more difficult to analyze by the ob-
served JnH-cu values. However, it would appear that they
are not incompatible with the observed Jnp_cu values of
~5.5 Hz.!3 The proton NMR data also indicated from tem-
perature studies!? that none of the NH protons of LH-RH
were buried or involved in strong intramolecular hydrogen
bonds. Figure 3 gives the closest hydrogen bond lengths for
H...O interactions, and no short (i.e., ~1.7-2.0 A) hydrogen
bonds are found. Further, in conformer AA (Figure 3), all
NH protons are accessible to water. This result is also in
agreement with the experimental result.!?

The C*H-CPH coupling constant for Ser# was also deter-
mined from the 'H NMR study!? and is in agreement with
our favored value of y4! = +66° (i.e., rotamer III in ref
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13). Further, the aromatic ring protons showed very little
ring current effects,!? indicating no appreciable stacking of
the aromatic rings. This result is also in agreement with the
three low-energy conformers obtained here. In fact, the
rings of Trp and Tyr are nearly perpendicular to one anoth-
er, and in conformer CC, in which the His ring is closest to
the Trp ring, the distance between rings is still too large for
significant ring current effects to be observed.

The study of the '3C resonances!!:!2 also indicated that
the proline peptide bond was trans and further that all pep-
tide bonds in the LH-RH molecule were trans.!2 The choice
of all trans peptides in the calculations presented here is
thus in agreement with the experimental data. Finally, the
fact that no electrostatic intramolecular interactions were
observed upon charging the imidazole ring at low pH!?
would favor conformation CC, where the His ring is
pointing out into solution, away from the rest of the mole-
cule.

It should be pointed out here that the use of uncharged
His and Arg residues in these calculations is closely equiva-
lent to using the charged residues when a shielding function
is included to take account of the solvation effect. Since
energies between different conformations of the same mole-
cule are always compared, the effect of the solvent on the
stabilizing energy is minimized. This is not to say that the
solvent effect is not important to the total stabilization en-
ergy, but only that its effect on the conformation should be
small in the case studied here.

It is worth noting that previous models of LH-RH have
been proposed?® with 3 bends starting at Ser in the ith posi-
tion, Tyr in the/ + 1, Gly inthe i + 2, and Leu in the i + 3.
In the low-energy structures reported here, Gly is in the i +
1 position, and Leu in the i + 2 position, with a modified
type II bend being formed.

An evaluation of various analogues of LH-RH with re-
spect to the conformers found here will be presented in
paper 2,%° and evidence will be presented which strongly
implicates conformer CC as the biologically active con-
former of LH-RH,
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Conformational Energy Analysis of the Molecule, Luteinizing
Hormone-Releasing Hormone. 2. Tetrapeptide and
Decapeptide Analogues

F. A. Momany
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Abstract: Low-energy conformations of peptide analogues of luteinizing hormone-releasing hormone have been obtained
using “empirical” energy calculations. The minimum energy conformations of the tetrapeptides, <Glu-Tyr-Arg-Trp-NH;
(I) and <Glu-Trp-Arg-Tyr-NH; (1), are found and correlations with the native decapeptide noted. Several analogues of the
native decapeptide are also calculated, using the native low-energy conformers as starting models. A discussion of the activi-
ty of luteinizing hormone-releasing hormone and various analogues is presented and compared to the structure of this mole-

cule found from energy minimization techniques.

In the previous paper in this series! (paper 1), several
minimum energy conformers of luteinizing hormone-releas-
ing hormone (LH-RH) were found. Correlation of the cal-
culated conformers with experimental analogue data was
noted for the region of the molecule around the Gly® posi-
tion. However, it was not possible to clearly distinguish be-
tween the two distinctly different low-energy structures
(i.e., AA and BB vs. CC of Tables IV and V, paper 1) from
analogue data. The conformational energy difference of 2.8
kcal/mol between AA and CC is not sufficient to exclude
the CC conformier from consideration. Indeed, the CC con-
former exposes the His? ring to solvent (or receptor surface)
while putting the nonpolar portion of the <Glu ring into a
shielded pocket in the structure. The added intramolecular
energy associated with these changes may well be overcome
by solvation effects or by intermolecular binding conditions
at the receptor surface.

In this paper, evidence from tetrapeptide studies is pre-
sented that leads to the conclusion that structure CC is
most probably the active conformer. Further calculations
on various analogues of LH-RH are also presented and
their influence on the conformations of structures AA and
CC is examined.

Tetrapeptides. In vivo activity tests®® have shown that
<Glu-Tyr-Arg-Trp-NH, (I) has luteinizing hormone-re-
leasing hormone (LH-RH) activity of ~1 part in 8000 of
that exhibited by the natural LH-RH (<Glu-His-Trp-Ser-
Tyr-Gly-Leu-Arg-Pro-Gly-NH;). Of the other five permut-
ed sequence tetrapeptides containing the terminal <Glu
and the residues Arg, Tyr, and Trp, only molecule I showed
any activity. It was not clear why molecule I should show
some LH-RH activity, while the permutation of the two
ring-bearing residues, as in the molecule <Glu-Trp-Arg-
Tyr-NH; (II), lacked activity. Conformational energy cal-
culations, as described in paper 1 of this series! were carried

out to examine the conformational change that this differ-
ence in sequence might make and thus help identify the fac-
tors responsible for the overall mechanism of action of the
series of LH-RH analogues and of the naturally occurring
LH-RH molecule.

Since molecules I and II are small, relative to the natural
LH-RH, and have only a few variable dihedral angles, it is
possible to cover most of their conformational space by gen-
erating many starting conformations and refining each
through a series of intramolecular energy minimization
steps. Sixteen bonds were chosen, about which rotation can
occur. The variable dihedral angles are denoted: ¥, w; of
<Glu; ¢2, Y2, X2', x2% of Tyr (or Trp); ¢3, ¥3, x3', x3% x3°,
x3* of Arg; and a4, Y4, x4, x42 of Trp (or Tyr). The dihe-
dral angle ¢, of <Glu is fixed by the geometry of the pyro-
glutamate ring, and the w angles of all the other residues
were held fixed in the trans (w = 180°) conformation. Pos-
sible starting conformations were generated from combina-
tions of low-energy dipeptide conformations* and models
constructed to examine long-range overlap. The conforma-
tions of molecules I and II, resulting from complete energy
minimization of the 20 lowest energy conformations, which
resulted from an initial set of ~80 starting conformations
for each tetramer, are given in Table I. [UPAC-IUB? con-
ventions are used to define the conformations. The minimi-
zation procedure and the amino acid geometry are de-
scribed in paper 1. The arginine side chain was taken to be
uncharged, and the position of the nitrogen lone pair varied
by rotation of 180° about x3® and x3°. The lowest energy
conformations found for molecules I and II are shown in
Figures | and 2, respectively. The values of the dihedral an-
gles and the relative energy (AE) for the six lowest energy
conformations of both molecules are given in Table 1.

Results of Tetrapeptides. The low-energy structure of
molecule I [<Glu-Tyr-Arg-Trp-NH,] (A of Table 1) is
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