
these potentials are generated at the 
same site or at different sites (for exam
ple, at the initial segment or dendrites) 
is still unknown. 

To our knowledge this represents the 
first report in which intracellular record
ings from neurons in the mammalian cen
tral nervous system have been obtained 
simultaneously with evidence for their 
neurochemical identity. It also repre
sents the first step in the intracellular 
characterization of brain monoamine 
neurons recorded in vivo. These tech
niques should make possible investiga
tions in much greater depth of various 
aspects of this neuronal system, for ex
ample, the function of autoreceptors (9, 
18), depolarization inactivation (79), 
burst firing (7), effects of afferent inputs 
on dopaminergic cell membrane proper
ties, and the mechanisms of action of 
dopamine agonists and antagonists. Data 
obtained from such studies may further 
our understanding of dopamine system 
function in both normal and pathological 
states. 
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tarns as novel conformational modifica
tions in peptides (10) and report here a 
lactam-containing analog of luteinizing 
hormone-releasing hormone (LH-RH) 
more active than the parent hormone. 

Since the determination of the se
quence of LH-RH (<Glu-His-Trp-Ser-
Tyr-Gly-Leu-Arg-Pro-Gly-NH2) (77), 
many analogs have been prepared (72). 
Because of its higher potency, one of the 
useful structural modifications is the sub
stitution of a D amino acid for the glycine 
residue in position 6 (13). For example, 
the D-Ala6 analog is 3.7 times as active as 
LH-RH itself. In contrast, the L-Ala6 an
alog has low potency. A second non
covalent constraint resulting from re
placement of Leu7 by 7V-methyl-Leu 
gave a further increase in activity (14). 
The enhanced biological activity of the 
D-Ala6-N-methyl-Leu7 analog is consist
ent with a /3-turn conformation for resi
dues 5 to 8 of LH-RH (5). An amino acid 
of the L configuration in position 6 
should destabilize this /3-turn, which is 
the presumed reason for the low activity 
of such analogs. The presence of a /3-turn 
is predicted also by conformational ener
gy calculations (75). The theoretical cal
culations also predict a stabilization of 
this conformation in D-Ala6 analogs and 
a destabilization in L-Ala6 analogs (76). 

The proposed 0-turn for LH-RH (75) 
is shown in Fig. 1, a. This case seemed 
ideally suited to the use of a lactam con
formational constraint because of the 
proximity of the pro-S hydrogen atom of 
Gly6 to the A^ft-hydrogen of Leu7. By re
placing these two hydrogens with 
methylene groups and connecting the 
newly introduced carbon atoms with a 

Bioactive Conformation of Luteinizing Hormone-Releasing 
Hormone: Evidence from a Conformationally Constrained Analog 

Abstract. An analog of luteinizing hormone-releasing hormone containing a y-
lactam as a conformational constraint has been prepared with the use of a novel 
cyclization of a methionine sulfonium salt. The analog is more active as a luteinizing 
hormone-releasing hormone agonist than the parent hormone, and provides evi
dence for a bioactive conformation containing a p-turn. 

656 0036-8075/80/1107-0656$00.50/0 Copyright © 1980 AAAS SCIENCE, VOL. 210, 7 NOVEMBER 1980 



single bond, a five-membered lactam is 
created (Fig. 1, b). Computer super
position (17) of these two structures (Fig. 
1) shows good correspondence for the 
backbones of the two peptide fragments. 
Indeed, the average deviation of six pairs 
of matched atoms along the backbones is 
0.13 A. The new ring should stabilize the 
/3-turn conformation by restricting rota
tion about the dihedral angle i/#6 (18) and 
forcing the Gly-Leu peptide bond to re
main trans (a>6). The lactam also affects 
(f)6 and <f)7 as a noncovalent constraint. A 
key point about this lactam is that the 6-
position a-carbon in the ring must have 
the L configuration to fit the proposed /3-
turn. Since L amino acids at position 6 
reduce biological potency, this case is an 
excellent test for the utility of the lactam 
constraint as a conformational probe. 

The synthesis of the required com
pound 1 (Fig. 2) incorporates a novel 
preparation of the y-lactam as the key 
step. The protected dipeptide 2 was con
verted to its sulfonium salt 3 in methyl 
iodide. Stereospecific cyclization to the 
lactam 4 (19) was achieved in 50 percent 
yield by treatment with sodium hydride 
in a mixture of methylene chloride and 
dimethylformamide (1:1) (20). This is the 
first observation of an intramolecular N-
alkylation of a methionine sulfonium 
salt. Normally the cyclization of methi
onine sulfonium intermediates results in 
amide O-alkylation and is used exten
sively for peptide degradation and se
quence studies (21). Generation of the 
amide anion with strong base changes 
the course of reaction in this case. A C-
alkylation of methionine sulfonium salts 
has also been reported (22). The key syn
thetic step allows formation of the basic 
ring system with the definition of chiral-
ity at two centers introduced by the use 
of the readily available optically pure 
amino acids (22a). The y-lactam 4 was 
coupled with tripeptide 5 with the use of 
diphenylphosphoryl azide (23) to pro
duce the pentapeptide 6 in 80 percent 
yield. This fragment was deblocked and 
coupled to pentapeptide 7 (24) by the 
azide method to give the con-
formationally constrained LH-RH ana
log 1 (25). 

Compound 1 shows greater potency 
than LH-RH for inducing release of LH 
when tested both in vivo and in vitro. 
The ability of 1 to cause LH release in 
vivo was evaluated in adult ovari-
ectomized female rats (Holtzman) 
primed with estradiol and progesterone 
(26). The analog was given intravenously 
in graded doses 20 minutes before the an
imals were bled, and LH levels in plasma 
were determined by radioimmunoassay 
(27). Comparison with similar doses of 

LH-RH showed 1 to be 2.4 [95 percent 
confidence limit (CL); 0.8, 7.6] times as 
potent. 

The potency of 1 was also evaluated 
relative to LH-RH in an in vitro pituitary 
cell culture system (28). Dispersed cells 
were incubated with LH-RH or 1 at vari
ous concentrations (10~6 to 10~10M) for 1 

hour and the LH content of the super
natant was determined by radioimmuno
assay. Compound 1 was found to be 8.9 
(95 percent CL; 2.0, 38.6) times as potent 
as LH-RH. The high potency in this in 
vitro system where the influence of me
tabolism is minimized suggests that the 
increased potency is a result of improved 

Fig. 1. Computer superposition of 0-turn segment of LH-RH (Tyr-Gly-Leu-Arg) (a) with y-
lactam conformational constraint (b). Average deviation of least squares fit of matched atoms 
(starred) is 0.13 A. Ha and Hb are the pro-5 and the pro-/? hydrogen atoms of glycine, respec
tively. Dihedral angles affected by the constraint are shown by curved arrows. 
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receptor binding and not of increased re-
sistence to proteases. 

The biological data obtained for analog 
1 provide additional support for a recep
tor-bound conformation of LH-RH 
which contains a Tyr-Gly-Leu-Arg type 
IF j3-turn. Other types of j8-turns known 
to exist in proteins (29) have also been 
examined by computer superposition 
with the lactam peptide. All of these ac
commodate the lactam ring less well. 
Conformations are possible that can ac
cept the lactam and do not contain a 
turn. However, the enhanced potencies 
obtained with three different con
formational constraints (D amino acids, 
iV-methyl amino acids, and lactams), all 
of which would stabilize a turn structure, 
provide strong evidence for the exis
tence of this type of structure in LH-RH 
when bound to the receptor in such a 
way as to produce a biological response. 
The results also indicate that the loss of 
activity with the L-alanine substitution in 
position 6 was due to destabilization of 
the favored conformation rather than 
some steric interaction with the recep
tor. 

This successful demonstration of the 
application of a lactam as a new type of 
conformational constraint in peptides 
providing inference of bioactive con
formation and increased biological po
tency suggests future applications. With 
the newly developed synthetic method
ology, a variety of five-membered lac-
tam-containing dipeptides can be synthe
sized for incorporation into specific pep
tides. We have previously shown the 
stabilization of a y-turn structure by a 
six-membered lactam (10). These struc
tures can complement currently used 
conformational constraints by adding to 
the information obtainable from a con
formation-activity approach, thereby fa
cilitating the design of peptide analogs of 
improved biological activity and dura
tion of action. 
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practical applications in pest control, (ii) 
The dynamics are somewhat simpler, 
and the relevant parameters more ame
nable to measurement, than is the case 
for most vertebrate host-parasite sys
tems, because it appears that inver
tebrates do not develop acquired immuni
ty to the agents of infectious disease (6). 

In the simplest case, we define X(t) to 
be the number of susceptible hosts and 
Y(t) the number of infected hosts at time 
t; the total population of invertebrate 
hosts is thus N(t) = X(t) + Y(t). We fur
ther define a to be the per capita birth 
rate of the hosts, b their natural death 
rate, a the disease-induced death rate of 
infected hosts, and y the recovery rate. 
These are all quantities that may, in prin
ciple, be measured directly. In this sim
plest model for a directly transmitted in
fection (7), the transmission rate is as
sumed proportional to the number of 

Infectious Diseases and Population Cycles of Forest Insects 
Abstract. The regulation of natural populations of invertebrate hosts by viral, bac

terial, protozoan, or helminth infections is discussed, using models that combine ele
ments of conventional epidemiology (where the host population is assumed constant) 
with dynamic elements drawn from predator-prey studies; the apparent absence of 
acquired immunity in invertebrates simplifies the analysis. Highly pathogenic infec
tions, with long-lived infective stages, tend to produce cyclic behavior in their host 
populations. The models give an explanation of the 9- to 10-year population cycles of 
the larch bud moth (Zeiraphera diniana) in the European Alps and suggest that mi-
crosporidian protozoan and baculovirus infections may be responsible for the 5- to 
12-year population cycles observed in many temperate forest insects. 
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