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Abstract--Lamprey GnRH-I and lamprey GnRH-III are the only two members of the GnRH family 
to have substitutions in the sixth position, Glu 6 and Asp s, respectively; all other GnRH peptides 
have Gly in the sixth position suggesting a different conformational structure. Thus, a structure- 
activity study of lamprey GnRH-I or analogs that were cyclized or with sixth position 
substitutions were determined in vivo in adult female sea lamprey, Petromyzon marinus. The 
following analogs which were tested, ([D-Glu6]-GnRH-I; cyclo-[D-Glu6-Trp7-LysS]-GnRH-I; or 
cyclo-[GluS-TrpT-LysS]-GnRH-I), significantly elevated plasma estradiol compared to controls. 
However, [D-GluS]-Iamprey GnRH-I was the only analog to significantly stimulate ovulation 
while another analog [Gly6]-Iamprey GnRH-I significantly delayed ovulation. These data suggest 
that the sixth position of lamprey GnRH is critical for function. 

Introduction 

Two primary structures of gonadotropin-releasing 
hormone (GnRH-I and GnRH-III) have been 
identified in the sea lamprey, Petrornyzon marinus.l'2 
Since the elucidation of lamprey GnRH-I, immu- 
nocytochemical and physiological studies have 
demonstrated that GnRH regulates reproduction 
by stimulating the pituitary-gonadal axis. 3 In 
addition, evidence has been provided for pro- 
gressive seasonal relationships between changes in 
brain GnRH and gametogenic and steroidogenic 
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activity of the gonads in male and female adult 
sea lampreys. 4'5 Recent data indicate that lamprey 
GnRH-III is also a neurohormone involved in 
reproduction. 2,6 

Plasma steroids and ovulation or spermiation 
were measured in the lamprey as potential indi- 
cators of pituitary responsiveness to GnRH. 3 Gon- 
adotropin(s) (GTH) have not yet been isolated from 
the lamprey pituitary glands, so that radioim- 
munoassay of secreted gonadotropins is not poss- 
ible at this time. The lamprey pituitary is able to 
discriminate between variants of the GnRH 
molecule, since it has been demonstrated that the 
mammalian GnRH antagonist ([Ac3Pro 1, 
4FDPhe2,D-Trp3'6]-GnRH and a lamprey GnRH 
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analog ([D-Phe2,6,Pro3]-lamprey GnRH (a putative 
antagonist), significantly inhibited ovulation. 7,8 A 
mammalian [DAla6,ProgNEt] GnRH has been 
shown to be a potent stimulator of gametogenesis 
and steroidogenesis in the lamprey. 3 In the adult 
male sea lamprey, administered lamprey GnRH 
resulted in the elevation of plasma progesterone 
and stimulation of spermiation compared to a 
reduction in plasma progesterone and inhibition 
of spermiation occurred following injection of [D- 
Phe2'6,Pro3]-lamprey GnRH. 9 These studies show 
that variations in the lamprey GnRH molecule do 
effect the function of this molecule. 

Lamprey GnRH-I and -III are two of the eight 
identified members of the GnRH family as struc- 
turally defined by the amino and carboxyl termini 
of pGlul-His 2 and ProgGly~°NH2 the conservation 
of Ser 4 and its length of 10 amino acids. The sixth 
position is considered critical for function of the 
molecule. Conformation energy analysis of mam- 
mal GnRH suggests that the termini of the molecule 
are proximal and that the GnRH interacts with the 
receptor in the folded conformation due to the 6- 
7//turn involving glycine.l°-~2 Interestingly, lamprey 
GnRH-I and lamprey GnRH-III are the only two 
molecules to have substitutions in the sixth 
position, Glu 6 and Asp 6 respectively; all other 
GnRH peptides have Gly in the sixth position. If a 
folded conformation is necessary for lamprey 
GnRH to interact with its receptor, that is, if its 
termini are proximal, then altering amino acids at 
position six would likely interfere with its folding 
and disrupt receptor binding. 

Therefore, the objective of this study was to 
determine the effects of lamprey GnRH-I or ana- 
logs in vivo in adult female sea lamprey. Two ana- 
logs with amino acid substitutions at position six 
were tested to evaluate the effects on the activity of 
the molecule. The R groups at positions six and 
eight of the remaining two analogs were linked by 
amide bonds to determine how restricting the flexi- 
bility of the molecule would influence its activity. 

Materials and methods 

Peptides 
The synthesis of lamprey GnRH-I analogs was per- 
formed by the conventional solution procedure. 

For linear analogs, i.e. [D-Glu 6] and [Gly6]-lamprey 
GnRH-I, the molecules were assembled from two 
segments, (1-5) and (6-10). Each of these segments 
was prepared by stepwise elongation using a water- 
soluble carbodiimide (WSCD), 1-ethyl-3-(3-dime- 
thylaminopropyl)-carbodiimide, in the presence of 
1-hydroxy-benzotriazole (HOBt) from Leu-Opac 
(phenacyl ester) and Gly-NH2 respectively. The fol- 
lowing Boc-amino acids were employed: His(Tos), 
Tyr(BrZ), Ser(Bzl), Glu(OBzl), Lys(DIZ). The ter- 
minal amino group of the N-terminal segment (1- 
5) was protected by benzyloxycarbonyl (Z). After 
deprotection of the Pac ester by zinc/acetic acid, 
two segments were coupled together with WSCD 
in the presence of 3, 4-dihydro-3-hydroxy-4-oxo-1, 
2, 3-benzotriazine (HOOBt) to obtain the final fully 
protected peptide. The scheme is shown in Figure 
1. For the cyclic analog, cyclo-[Glu6-TrpT-Lys 8] or 
cyclo-[D-Glu6-Trp7-LysS]-GnRH-I, the segment (6- 
10) was synthesized by the Fmoc strategy as shown 
in Figure 2. The side-chain functions of Glu 6 (or D- 
Glu 6) and Lys 8 were protected with the tBu and Boc 
groups, respectively. After deprotection of tBu and 
Boc groups by treatment with p-toluensulfonic acid 
in acetic acid, the cyclization between side-chain 
functions was carried out in DMF using 
WSCD/HOBt method. The cyclizing reaction was 
complete within a few hours and gave the desired 
product at over 80% yield. The cyclic segment (6- 
10) thus obtained was coupled with the same seg- 
ment (1-5) as that for linear analogs. 

Each fully protected peptide was treated with 
anhydrous HF in the presence of anisole (v/v, 9010) 
at -4°C for 1 h to remove all protecting groups. 
The crude product was purified by ion-exchange 
chromatography on Bio-Gel CM-2 followed by 
adsorption chromatography on Dia-Ion HP-20 and 
preparative HPLC on Vydac C18. The peptides were 
characterized and evaluated for purity using ana- 
lytical HPLC (Vydac C18) and amino acid analysis. 
All peptides are > 98% pure by HPLC analysis as 
shown in Figure 3. 

Details of the preparation, purification and 
characterization of all peptides used in this study 
are available as supplementary material upon 
request to Dr Murray Goodman. 

Lampreys 
In May 1990 and 1991, lampreys were collected 
during their upstream spawning migration from the 
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Fig. 1 Scheme for the synthesis of protected linear lamprey GnRH analogs. (i) WSCD/HOBt,  (ii) TFA, (iii) HC1/dioxane, (iv) 
TosOH/AcOH, (v) Zn/AcOH, (vi) HOOBt. 

sea, from traps located at the upstream end of a 
salmon ladder on the Cocheco River in Dover, New 
Hampshire. The animals were transported to the 
Anadromous Fish and Aquatic Invertebrate 
Research (AFAIR) laboratory in Durham, New 
Hampshire, where they were maintained in an arti- 
ficial spawning channel under normal photoperiod. 
The channel was supplied with flow-through fresh 
water with temperatures ranging from 14-19°C in 
1990 and 13-21°C in 1991. 
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Radio immunoassay  

Estradiol 17-fl from plasma or media was measured 
from duplicate 100 #1 aliquots as previously 
described. 7 The lower limit of sensitivity for the 
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Fig. 3 HPLC profiles of GnRH analogs. (A) Lamprey GnRH- 
I, (B) [D-Glu6]-lamprey GnRH-I,  (C) [Gly6]-lamprey GnRH-I,  
(D) cyclo [Glu6-TrpV-LysS]-lamprey GnRH-I,  (E) cyclo [D-Glu 6- 
TrpV-LysS]-lamprey GnRH-I.  Column: Vydac C18 (5 × 200 mm). 
Eluent 0.1% TFA in CH3CN-H20 (10% to 60% in 35 min). 
Flow rate: 1 ml/min. Detection: absorbance at 210 nm. 
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assay was 7.8 pg/tube with binding efficiencies rang- 
ing between 38 and 51%. 

1.50' In vivo experiments 
Thirty minutes before injection, all peptides were " 

prepared and blood samples were obtained as pre- 
viously described by Sower et al. 8 Plasma was stored 
frozen at - 20°C until assayed for estradiol by RIA. -~ 1.00 ~ "O 

The numbers of lampreys we were able to obtain 
during each of two spawning seasons restricted the '" 
number of groups we could test. o . so  

Estradiol experiment (Year 1) 
Five groups of 10 female adult lampreys each were 
tested with a single injection of saline (control), 
lamprey GnRH or one of the three GnRH analogs: 
[D-Glu6]-GnRH; cyclo-[D-Glu6-TrpT-LysS]-GnRH; 
or cyclo-[Glu6-TrpT-LysS-GnRH. Individual lam- 
preys received a dose of 200 #g peptide/kg lamprey 
or saline (control). Blood samples were taken 
4 h after the injection. 

Ovulation experiment ( Year 2) 
Five groups of 10 female adult lampreys each were 
tested with 4 injections 3 days apart with saline 
(control) or one of four GnRH analogs: [Gly6] - 
GnRH; [D-Glu6]-GnRH; cyclo-[D-Glu6-Trp 7- 
Lysg]-GnRH; or cyclo-[Glu6-Trp7-LysS]-GnRH. 
Individual lampreys received a dose of 200 #g pep- 
tide/kg lamprey or saline (control). The lampreys 
were checked every other day for a period of 60 
days to determine if they had ovulated, as judged 
by external characteristics. 7 An ovulatory response 
was considered to have occurred if an individual 
female had more than 50% of her eggs loose in the 
body cavity. 

Statistical analysis 
The per cent ovulation data were analyzed by use 
of a 2 × 2 contingency table, followed by the 
Bonferonni approach. 13 Data for plasma estradiol 
were analyzed by a Student-Newman-Keuls test 
after preliminary analysis of variance. In all tests, 
the level of significance for differing groups was 
P < 0.05. 

i Control lamprey GnRH [D-Glu6] cycle [Glu6,Trp7,Ly,s8] 
cycle[D-Glu6,Trp7, Lys8] 
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0.00 
Fig. 4 Plasma estradiol levels (ng/ml) of female lampreys 
injected with saline (control), lamprey GnRH, [D-Glu6]-GnRH; 
cyclo [D-Glu6-Trp7-LysS]-GnRH; or cyclo [Glu6-TrpT-LysS]- 
GnRH. Individual lampreys received a dose of 200 #g peptide/kg 
lamprey or saline (control). Plasma samples were taken 4 h after 
the injection. 

Results 

Estradiol experiment 
Plasma estradiol was significantly elevated at 4 h 
in lampreys in all treatment groups compared to 
controls (Fig. 4). 

Ovulation experiment 
5 days after the fourth injection, ovulation had 
occurred in 80% of the lampreys treated with [D- 
Glu6]-lamprey GnRH (Fig. 5). Control lampreys 
reached 70% ovulation by day 56. Lampreys 
treated with cyclo[Glu6-TrpT-Lys 8] or cyclo [D-Glu 6- 
TrpT-LysS]-lamprey GnRH reached 50% ovulation 
by day 52 and lampreys treated with [Gly6]-lamprey 
GnRH has less than 30% ovulation by the end of 
the experiment. 

Discussion 

In the present study, [D-Glu6]-lamprey GnRH was 
the only analog to significantly advance ovulation. 
Cyclo[D-Glu6-Trp7-LysS] - or cyclo[Glu6-Trp 7- 
LysS]-lamprey GnRH had little or no effect on 
accelerating ovulation. [Glu6]-lamprey GnRH 
acted antagonistically such that ovulation was 
delayed by 3 weeks compared to controls. The 
following analogs which were tested, ([D-Glu6] - 
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Fig. 5 Accumulative percent ovulations after four injections 
three days apart of female sea lampreys with saline (control) or 
[GIy6]-GnRH; [D-GIu6]-GnRH; cyclo [D-Glu6-Trp7-LysS]- 
GnRH; or cyclo [Glu6-TrpT-LysS]-GnRH. Individual lampreys 
received a dose of 200 ktg peptide/kg lamprey or saline (control). 

GnRH-I; cyclo-[D-Glu6-Trp7-LysS]-GnRH-I; or 
cyclo-[Glu6-Trp7-LysS]-GnRH-I), significantly elev- 
ated plasma estradiol compared to controls. These 
data suggest that the sixth position of lamprey 
GnRH is critical for function. 

Responses of the pituitary to cyclized analogs of 
GnRH would be expected to differ from responses 
to the native molecule due to resistance to enzyme 
degradation leading to an extended half-life. Other 
possible explanations for these data could be a 
result of the cyclic nature of the analog which limits 
the flexibility of the molecule, possibly promoting 
the conformation necessary for receptor inter- 
action. Cyclo[D-Glu6-TrpT-LysS]- or cyclo[Glu 6- 
TrpV-LysS]-lamprey GnRH stimulated estradiol but 
had no apparent effect on ovulation in adult female 
lampreys. Template forcing may be a factor in the 
response pattern since it may have forced the pep- 
tide to assume a position which altered its binding 
to the GnRH receptor and subsequent action. The 
altered stereochemistry at position six could orient 
the cyclized region of the molecule in the opposite 
fashion from the native lamprey GnRH which 
would affect receptor binding. Conformation 
energy analysis of mammal GnRH suggests that 
the termini of the molecule are proximal and that 
the GnRH interacts with the receptor in the folded 
conformation due to the 6-7/~ turn. 10-12 [Gly6]_lam_ 

prey GnRH did not accelerate ovulation in the lam- 
preys in this study. Possible explanations include 
that substitution of glycine for glutamate at pos- 
ition six prevented the molecule from assuming the 
conformation required for receptor binding or actu- 
ally increases the flexibility of the molecule thereby 
increasing the number of non-active conformations 
interfering with receptor binding. Interestingly, 
both lamprey GnRH-I and -III are the only mol- 
ecules to have substitutions in the sixth position, 
Glu 6 and Asp 6, respectively. 2 These data would sug- 
gest that the receptor requirements for GnRH are 
different in the lamprey from those in other ver- 
tebrates. 

Two high affinity, specific classes of GnRH recep- 
tors have been characterized in the pituitary of the 
sea lamprey. 14 In these studies, mammalian [DAla 6, 
Pro 9 NEt] GnRH was used as the ligand because 
this analog had been shown to be a potent stimu- 
lator of gametogenesis and steroidogenesis in the 
lamprey) The data from the present study suggest 
that the lamprey GnRH receptors requirements for 
GnRH are different in the lamprey from those of 
other vertebrates as evidenced by its apparent 
inability to bind or be activated by [Gly6]-lamprey 
GnRH and weak binding or activation by cyclo[D- 
Glu6-TrpV-LysS]- or cyclo[D-Glu6-Trp7-LysS]-lam - 
prey GnRH. In Knox et al I4 studies, DAla 6, Pro 9- 
OH free carboxylic acid lamprey GnRH was unable 
to displace the radioactive ligand. In other in vivo 
studies, this same lamprey analog stimulated 
plasma progesterone levels but inhibited sper- 
miation in male lampreys and inhibited ovulation 
in female lampreys. 3,8,9 The apparent lack of binding 
or competitive inhibition of GnRH in the pituitary 
and little or no biological activity of this analog 
implies that the sixth position and c~-aminated 
COOH terminal are significant for receptor binding 
and in receptor-mediated events for biological 
activity in the sea lamprey, s,9:4 
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