
 

 

 University of Groningen

Receptor-selective determinants in catfish gonadotropin seat-belt loops
Vischer, H.F.; Marques, R.B.; Granneman, J.C.M.; Linskens, M.H.K.; Schulz, R.W.; Bogerd,
J.
Published in:
Molecular and Cellular Endocrinology

DOI:
10.1016/j.mce.2004.06.011

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2004

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Vischer, H. F., Marques, R. B., Granneman, J. C. M., Linskens, M. H. K., Schulz, R. W., & Bogerd, J.
(2004). Receptor-selective determinants in catfish gonadotropin seat-belt loops. Molecular and Cellular
Endocrinology, 224(1-2), 55 - 63. https://doi.org/10.1016/j.mce.2004.06.011

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://doi.org/10.1016/j.mce.2004.06.011
https://research.rug.nl/nl/publications/88a60603-132b-4040-bd19-c90fac4d35b2
https://doi.org/10.1016/j.mce.2004.06.011


Molecular and Cellular Endocrinology 224 (2004) 55–63

Receptor-selective determinants in catfish gonadotropin seat-belt loops

Henry F. Vischera,1, Rute B. Marquesa, Joke C.M. Grannemana,
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Abstract

Mammalian gonadotropins are highly selective. Charge differences between the Cys10–11 sequence of FSH� and LH�/CG� seat-belt loops
determine the ability of these hormones to interact with the LH-R. Selective FSH-R binding is mainly dependent on the presence of an FSH�-
specific sequence between Cys11–12 of the seat-belt loop. Intriguingly, African catfish LH� (cfLH�) lacks a positively charged Cys10–11 region
and stimulates both catfish LH-R and FSH-R with comparable potencies. Our studies on the promiscuous behaviour of cfLH using chimeric
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t re–function
d malian and
n ammals.
©

K

1

b
(
m
t
s
(
g
n
m
a
n

R

oss-

rts in
uri-
bi-
tor

p-
-

H-R
sh

and
a
f
ine
lon-

uffi-

0
d

onadotropins revealed that the Cys10–11 region of cfLH� contains cfLH-R-selective determinants, whereas the Cys11–12 region of cfLH�
onfers FSH-R-stimulating activity to cfLH. Hence, the location of receptor-selective determinants appeared to be fairly well c
hroughout evolution, despite the low sequence identity between mammalian and catfish seat-belt loops. Moreover, various structu
ifferences between gonadotropins are discussed in the context of the different (female) reproductive strategies between mam
on-mammalian species that required the divergence to a more specific LH-R-stimulating activity of one of the gonadotropins in m
2004 Elsevier Ireland Ltd. All rights reserved.
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. Introduction

In mammals, gonadal function is regulated by two distinct,
ut complementary acting, pituitary-derived gonadotropins
follicle-stimulating hormone, FSH, and luteinizing hor-
one, LH) via the specific activation of their respective recep-

ors (FSH-R and LH-R). LH and FSH, together with thyroid-
timulating hormone (TSH) and chorionic gonadotropin
CG), form the family of glycoprotein hormones, which are
lycosylated heterodimeric molecules, each composed of a
on-covalent association of a common�-subunit with a hor-
one specific�-subunit. Apart from LH and CG that both
re able to activate the LH-R in primates and equids, the
ormal interaction between the glycoprotein hormones and

∗ Corresponding author. Tel.: +31 30 2534177; fax: +31 30 2532837.
E-mail address:j.bogerd@bio.uu.nl (J. Bogerd).

1 Division of Medicinal Chemistry, Leiden/Amsterdam Center for Drug
esearch, De Boelelaan 1083, 1081 HV Amsterdam, The Netherlands.

their respective receptors are highly specific (<0.1% cr
reactivity; Campbell et al., 1997; Vischer et al., 2003a). In
contrast to mammalian gonadotropins, their counterpa
fish display reduced receptor selectivity. For example, p
fied, pituitary-derived catfish LH (cfLH) as well as recom
nant cfLH (rcfLH) can activate both the catfish LH recep
(cfLH-R; Vischer and Bogerd, 2003a) and catfish FSH rece
tor (cfFSH-R;Bogerd et al., 2001) with comparable poten
cies. However, cfLH is not able to activate the catfish TS
(Vischer and Bogerd, 2003b). Moreover, recombinant catfi
FSH (rcfFSH) predominantly activates the cfFSH-R (Vischer
et al., 2003b).

Crystallographic analyses of deglycosylated hCG
hFSH (Lapthorn et al., 1994; Fox et al., 2001) suggested
similar overall folding of the common�-subunit, but also o
the two gonadotropin�-subunits, each consisting of a cyst
knot architecture that divides each subunit into three e
gated antiparallel loops (i.e.�1, �2, �3; �1, �2, �3). Al-
though the primary�-subunit sequences have diverged s

303-7207/$ – see front matter © 2004 Elsevier Ireland Ltd. All rights reserved.
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ciently during evolution to confer specificity to each of these
heterodimeric glycoprotein hormones (Li and Ford, 1998),
their �-subunits are structurally very similar due to the po-
sitional conservation of 12 conserved cysteine residues. Six
cysteines form the cystine knot motif, while the remaining
six residues form three additional loop-stabilizing disulfide
bridges.

Based on sequence differences between distinct�-
subunits, chimeric analogs have been generated in order to
identify �-subunit regions that confer receptor-specificity
to these hormones. These studies revealed that the region
between the 10th and 12th conserved cysteine residues
(Cys10–12; i.e. the seat-belt region) of each glycoprotein hor-
mone�-subunit is critically involved in determining speci-
ficity for its respective receptor. In particular, the net charge
differences in the determinant loop (i.e. the region between
Cys10 and Cys11) of the seat-belt region between mammalian
LH/CG�-subunits on the one hand, and FSH/TSH�-subunits
on the other hand are thought to have partially separated
LH-R- from FSH-R/TSH-R-activating properties (Han et al.,
1996; Campbell et al., 1997). It is thought that additional se-
quence divergence in the carboxy-terminal seat-belt segment
(i.e. between Cys11 and Cys12) as well as outside the seat-belt
region has further separated specific lutropic, follitropic and
thyrotropic activities of these hormones to their respective
n
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Fig. 1. Wild type and mutant cfLH and cfFSH�-subunit seat-belt amino
acid sequences. The amino acid sequences of the seat-belt region between
the conserved Cys10 and Cys12 of cfLH� and cfFSH� are shown. Sub-
stitutions of the determinant loop (between Cys10 and Cys11) and/or C-
terminal segment (between Cys11 and Cys12) of the seat-belt region of cfLH�
with Ala-cassettes (cfLH/Ala), corresponding cfFSH� (cfLH/FSH) or hCG�

(cfLH/hCG) segments are shown, of which the mutated segments are under-
lined. In addition, cfFSH�/cfLH� (cfFSH/LH) chimeras are shown.

usage, and preceded by aDictyosteliumconsensus transla-
tion initiation sequence (AAAAA;Vervoort et al., 2000) and
flanked byBglII and SpeI restriction endonuclease sites at
their 5′- and 3′-ends, respectively (Vischer et al., 2003b),
were used as templates for PCR-based mutagenesis (Ali and
Steinkasserer, 1995). Briefly, two cDNA fragments were gen-
erated using sense and antisense mutation primers in combi-
nation with specific primers demarcating the 3′- and 5′-end
of the open-reading frame, respectively, on the above men-
tioned templates. Next, these two PCR products were used in
a self-primed fusion PCR reaction. The fusion products were
subsequently PCR amplified using specific primers demar-
cating the open-reading frame. All PCR products generated
were TOPO-cloned into pcDNA3.1/V5-His plasmid (Invit-
rogen) for sequence analysis. The mutant seat-belt�-subunit
cDNA inserts were then transferred into theDictyostelium
extra-chromosomal expression vector MB12neo, using their
BglII andSpeI endonuclease restriction sites (Linskens et al.,
1999).

Mutant gonadotropins were recombinantly expressed in
the soil amoebaDictyostelium discoideum(strain AX3) and
purified as described previously (Vischer et al., 2003b).
Briefly, 1�g of MB12n vector, containing the catfish gly-
coprotein hormone�-subunit cDNA (GenBank accession
no. X97760; cfGP�/MB12n), in combination with 1�g of
m ns-
f lls
w e
s
I af-
t ced
atural receptors (Grossmann et al., 1997).
In contrast to the situation in mammalian gonadotrop

nspection of the determinant loop of fish gonadotropin
ealed the absence of striking net charge differences be
heir LH and FSH�-subunits. To elucidate if and how the se
elt region of cfLH� contributes to the observed promiscu
eceptor activation (Bogerd et al., 2001; Vischer and Boge
003a), we studied the effects of several substitutions o

ntercysteine segments of the cfLH� seat-belt region in o
er to identify sequence information necessary to specifi
timulate the cfFSH-R and the cfLH-R.

. Material and methods

.1. Construction and expression of cassette-substitute
onadotropin cDNAs

Chimeric seat-belt cfLH�-subunit (cfLH�) constructs
ere generated by cassette-substitution of individual i
ysteine segments of the seat-belt region or the entire
elt region between the 10th and 12th conserved cys
esidues (i.e.Cys90 and Cys107, respectively) with the corre
ponding hCG-regions or cfFSH-regions, or with the co
ponding number of Ala residues (Fig. 1). In addition, recip
ocal chimeras were made by introducing the cfLH seat
egion sequences into the cfFSH�-subunit (cfFSH�) (Fig. 1).
o this end, the cDNAs encoding the cfFSH� (GenBank ac
ession no. AF324541) or the cfLH� (GenBank accessio
o. X97761), in which the first 30 bases of their leader
uences were optimized forDictyostelium discoideumcodon
utant�-subunit/MB12neo circular plasmids were cotra
ormed in 107 cells by electroporation. Next, the ce
ere seeded in 9 cm culture plates. Selection for th�-
ubunit-containing construct with Blasticidin S (10�g/ml;
CN, Zoetermeer, The Netherlands) was initiated 5 h
er electroporation. After 24 h, the medium was repla
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with fresh medium containing both Blasticidin S (10 mg/ml)
and neomycin antibiotic G418 (5 mg/ml; Invitrogen), se-
lecting cells harboring both the cfGP�/MB12n and �-
subunit/MB12neo plasmids. Medium was refreshed every
3–4 days, while maintaining selective conditions. Approx-
imately 6 ml of medium was harvested every 3.5 days, in
total 3–4 times, starting 10–14 days after electroporation.
Harvested medium was stored at−80◦C until used for ex-
perimentation.

The recombinant catfish mutant gonadotropins were∼20-
fold concentrated by ultrafiltration, while simultaneously
replacing the axenicDictyosteliummedium by DMEM-
Hepes (Sigma, St. Louis, MI), using Ultrafree-15 Biomax-
30 centrifugal devices (Amicon, Millipore Corparation, Bed-
ford, MA). Hormone concentrations were quantified by ra-
dioimmunoassays using antisera against intact cfLH and the
cfGP�-subunit as described previously (Schulz et al., 1995).

2.2. In vitro gonadotropin receptor activation

In vitro bioactivities of the chimeric catfish gonadotropins
were determined on human embryonic kidney T 293 (HEK-
T 293) cells expressing the cfFSH-R or the cfLH-R, as de-
scribed previously (Bogerd et al., 2001; Vischer and Bogerd,
2003a). Briefly, approximately 5× 106 HEK-T 293 cells
w
r e
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(ANOVA) using Statview 4.5 (Abacus Concepts, Berkeley,
CA). The ANOVA was followed by a Fisher’s probable least-
squares difference test to identify significant differences (P
< 0.05) between individual groups. The same analysis or
the studentt-test (P < 0.05) was used to compare the log-
transformed half-maximal stimulation (EC50) of the cfFSH-
R- or cfLH-R-mediated signal transduction, induced by the
recombinant catfish gonadotropins.

3. Results

3.1. Catfish gonadotropin expression in Dictyostelium

Recombinant mutant gonadotropins, expressed inDic-
tyostelium discoideum, were first functionally analyzed (see
below), and a posteriori quantified by radioimmunoassay in
order to limit the storage time between the concentration pro-
cedure and the functional assays. Recombinant gonadotropin
levels were measured by two different radioimmunoassays
using either a polyclonal antibody against intact cfLH, or a
polyclonal antibody against the cfGP�-subunit, as described
previously (Vischer et al., 2003b). Typically, the amount of
wild type rcfLH was∼2.2± 0.11-fold lower in the cfGP� ra-
dioimmunoassay than in the intact cfLH radioimmunoassay,
a ec-
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l ts
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m ns-
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C -
ere transiently cotransfected with 10�g of a pCRE/�-gal
eporter-gene construct containing a�-galactosidase gen
riven by five cAMP responsive elements (Chen et al., 1995)
nd either 1�g of the human LH-R (kindly provided by D
. Milgrom, Institut National de la Sante et de la Reche
edicale, La Kremlin-Bicetre, France), 1�g of the cfFSH-R
r 10 ng of the cfLH-R expression vector constructs. O
undred-fold less expression vector construct of the co

utively active cfLH-R compared with the cfFSH-R was u
or transfection. This reduces the cfLH-R-mediated b
AMP levels allowing the dose-response curves to fit wi
he measuring range of the reporter-gene assay (Vischer and
ogerd, 2003a). After 16–18 h, cells were transferred
6-well plates (∼2.5 × 105 cells/well). The next day, th

ransfected cells were stimulated for 6 h with various c
entrations of each of the mutant catfish gonadotropin
5 ml DMEM-Hepes containing 0.1% BSA (Sigma). T

igand-induced�-galactosidase activity was measured,
he hormone concentrations inducing half-maximal sti
ation (EC50) were calculated using the Graphpad PRIS
oftware package (GraphPad Software Inc., San Diego,
ll experiments were repeated at least 3 times using

rom independent transfections and recombinant horm
erived from different batches.

.3. Statistics

All results are expressed as the mean± S.E.M. To eval
ate the effect of increasing hormone concentration
fLH-R- or cfFSH-R-mediated signaling over basal, the�-
alactosidase activity was subjected to analysis of vari
s cfGP� contributes to approximately half of the total mol
lar weight of intact heterodimeric cfLH (Koide et al., 1992
ebers et al., 1997). However, all chimeric cfLH analog

n particular cfLH/Ala11–12, cfLH/Ala10–12, cfLH/hCG11–12

nd cfLH/hCG10–12, had intact hormone/cfGP� ratios lower
han 2.2 (Table 1). Since less than 0.1% of free cfGP� subunit
s recovered after ultrafiltration (data not shown), low in
ormone/cfGP� ratios are likely to reflect mutation-induc
lterations in the overall heterodimeric analog conforma
ather than a surplus of free cfGP� subunits due to impaire
ubunit association. In the absence of a specific cfFS
ioimmunoassay, the recombinant cfFSH and cfFSH an

evels were calculated from the anti-cfGP� measuremen
s described previously (Vischer et al., 2003b), without tak-

ng into account possible mutation-induced conformati
hanges. For convenience, all recombinant wild type
himeric catfish LH and FSH amounts were quantified
ng the cfGP� measurements and corrected for their
rodimeric stoichiometry.

.2. Bioactivities of the chimeric recombinant catfish
onadotropins

The bioactivities of the chimeric hormones were ev
ted by measuring their potency to induce specific rece
ediated signaling in HEK-T 293 cells, transiently tra

ected with either the cfLH-R or the cfFSH-R. To exam
hether promiscuous receptor binding of cfLH is confi

o one or both of the two intercysteine modules of its�-
ubunit seat-belt loop, the individual�-subunit Cys10–11 and
ys11–12 regions as well as the entire�-subunit seat-belt re
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Table 1
Summary of the intact cfLH/cfGP� ratios and bioactivities of wild type cfLH and cfFSH and mutant�-subunit seat-belt cfLH and cfFSH analogs on HEK-T
293 cells, transiently expressing the cfLH-R or the cfFSH-R

Hormone analogs Seat-belt sequence RIA cfLH/cfGP� cfLH-R cAMP EC50 (ng/ml) cfFSH-R cAMP EC50 (ng/ml)

C10–C11 C11–C12

rcfLH cfLH cfLH 2 .2 45.50± 14.46a 7.61± 1.29b

cfLH/Ala10–11 Ala cfLH 1.13 >300∗ 3.03± 1.05b

cfLH/Ala11–12 cfLH Ala 0.36 NS >100∗
cfLH/Ala10–12 Ala Ala 0.46 NS >100∗

cfLH/hCG10–11 hCG cfLH 1.72 19.55± 4.83a 1.59± 0.30c

cfLH/hCG11–12 cfLH hCG 0.92 >100∗ >300∗
cfLH/hCG10–12 hCG hCG 0.05 >300∗ NS

cfLH/FSH10–11 cfFSH cfLH 1.95 >300∗ 0.41± 0.07c

cfLH/FSH11–12 cfLH cfFSH 1.54 >300∗ 0.70± 0.11c

cfLH/FSH10–12 cfFSH cfFSH 1.75 >300∗ 0.13± 0.13c

rcfFSH cfFSH cfFSH >300∗ 0.29± 0.04c

cfFSH/LH10–11 cfLH cfFSH NS NS
cfFSH/LH11–12 cfFSH cfLH >1000∗ 1.70± 0.28c

cfFSH/LH10–12 cfLH cfLH >1000∗ NS

Recombinant gonadotropin levels were measured using two different RIAs as described underSection 2. The ratio between the amounts of intact cfLH hormone
and cfGP� was used as an index to assess hormone conformation, with ratios lower than 2.2 suggesting an mutation-induced impaired hormone conformation.
The cAMP production upon stimulation with wild type or mutant cfLH and cfFSH analogs was measured in HEK-T 293 cells transiently cotransfected with
either the cfLH-R or the cfFSH-R expression vector construct and a plasmid (pCRE/�-gal) containing a�-galactosidase gene under control of a promoter
containing five cAMP-response elements. Due to the limited amounts of analogs produced byDictyostelium discoideumand due to reduced activities of
certain analogs, it was not always possible to calculate their half-maximal stimulation (EC50). Hence, analog concentrations that were at least required to
induce half-maximal stimulation, were estimated for these cases and are indicated by an asterisk. All data represent an average of at least three independent
receptor-stimulation assays with triplicate observations each, and EC50 values are given as mean± S.E.M.a,b,cValues sharing the same letter do not differ
significantly (seeSection 2). NS: no significant stimulation of receptor-mediated cAMP production.

gion (Cys10–12) were replaced with Ala-residues excluding
the cysteine residues Cys10, Cys11 and Cys12. Since the Asp-
residue preceding the 11th Cys residue is highly conserved
in all glycoprotein hormones and has been shown to be cru-
cial for their activity (Chen et al., 1991; Grossmann et al.,
1997), this residue (i.e. Asp96 in cfLH�) was also excluded
in the mutagenesis procedure to create the chimeric go-
nadotropins (Fig. 1). Replacing Cys10–11 of the cfLH� seat-
belt with Ala-residues (cfLH/Ala10–11) significantly reduced
its cfLH-R-stimulating activity, but did not affect its cfFSH-
R-stimulating activity (Fig. 2A andTable 1). However, Ala-
cassettes substitutions between Cys11–12 (cfLH/Ala11–12)
and the entire seat-belt (cfLH/Ala10–12), substantially re-
duced the cfLH-R- and cfFSH-R-stimulating activities for
both types of chimeric hormones.

To determine more conclusively whether the native seat-
belt sequence of cfLH� is important for its cfFSH-R-
stimulating activity, cfLH analogs were generated that harbor
seat-belt sequences of hCG. Since hCG had been shown to
activate the cfLH-R (Vischer and Bogerd, 2003a), but not
the cfFSH-R (Bogerd et al., 2001), the resulting cfLH/hCG
chimeras were expected to maintain their cfLH-R-stimulating
activity, while being devoid of any cfFSH-R-stimulating ac-
tivity. Surprisingly, however, substitution of the Cys10–11 se-
quence of cfLH� with the corresponding sequence of hCG�
( 10–11 tiv-
i H,

whereas its cfLH-R-stimulating activity was not affected
(Fig. 2B andTable 1). Introduction of the hCG� Cys11–12 re-
gion into cfLH� (cfLH/hCG11–12) resulted in at least 40- and
2-fold reduced cfFSH-R- and cfLH-R-stimulating activities,
respectively (Fig. 2B andTable 1). Substitution of the entire
seat-belt with hCG� sequences (cfLH/hCG10–12) abolished
all measurable cfFSH-R-stimulating activity, while its cfLH-
R-stimulating activity was significantly attenuated (Fig. 2B
andTable 1). Neither rcfLH nor the cfLH/hCG chimeras were
able to induce hLHR-mediated cAMP production over basal
(data not shown).

In addition, the seat-belt segments of cfLH� were sub-
stituted with the corresponding sequences of cfFSH�. Re-
combinant cfFSH had been shown to have a significantly
lower potency for the cfLH-R compared with cfLH (Vischer
et al., 2003b). Substitution of the cfLH� seat belt with the
entire cfFSH� seat-belt sequences (cfLH/FSH10–12), or the
Cys10–11 and Cys11–12 intercysteine segments of cfFSH�
(cfLH/FSH10–11 and cfLH/FSH11–12, respectively) resulted
in a significant reduction of their cfLH-R-stimulating activi-
ties comparable to the intrinsic activity of rcfFSH to stimulate
the cfLH-R (Fig. 2C andTable 1). Their abilities to activate
the cfFSH-R, on the other hand, were increased to potencies
similar to wild type rcfFSH (Fig. 2C andTable 1). In contrast,
all reciprocal chimeras, in which cfFSH� seat-belt segments
w e.
c

cfLH/hCG ) increased the cfFSH-R-stimulating ac
ty of the cfLH chimera to a potency that is similar to rcfFS
ere replaced by their corresponding cfLH� sequences (i.
fFSH/LH10–11, cfFSH/LH11–12 and cfFSH/LH10–12), ac-
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Fig. 2. Bioactivity of mutant cfLH and cfFSH�-subunit seat-belt analogs to induce cAMP production of cfLH-R and cfFSH-R, transiently expressed in HEK-T
293 cells. Effects of wild type recombinant cfFSH and cfLH, cfLH/Ala mutants (A), cfLH/hCG chimeras (B), cfLH/FSH chimeras (C) and cfFSH/LH chimeras
(D) on the cAMP-mediated reporter gene activity in HEK-T 293 cells, transiently transfected with cfLH-R (left panel) or cfFSH-R (right panel). Results are
shown as the mean± S.E.M. of triplicate observations from a single representative experiment. Mean EC50 values are presented inTable 1.

tivated the cfLH-R in a similar way as wild type rcfFSH
(Fig. 2D and Table 1). Only cfFSH/LH11–12 was able to
significantly induce a receptor-mediated cAMP response in
cfFSH-R expressing cells (Fig. 2D andTable 1), and had a
similar potency to stimulate the cfFSH-R as rcfFSH.

4. Discussion

Glycoprotein hormones have coevolved together with
their cognate receptors through gene duplications of ancestral
�-subunit and receptor genes, respectively, followed by se-



60 H.F. Vischer et al. / Molecular and Cellular Endocrinology 224 (2004) 55–63

quence divergence to define hormone-receptor pair selectiv-
ity (Moyle et al., 1994; Li and Ford, 1998; Moyle et al., 1998).
However, functional duality of gonadotropins has not always
evolved simultaneously with their structural divergence. To
investigate if and how the seat-belt loop of cfLH� allows the
interaction of cfLH with both the cfLH-R and cfFSH-R, we
systematically substituted the two successive cfLH� intercys-
teine sequences in the seat-belt loop (i.e. sequences between
the conserved Cys residues 10–11 and 11–12) with Ala-
cassettes, or the corresponding cfFSH� or hCG� sequences.
Replacing amino acid side chains with an Ala methyl-moiety
would reveal if the seat-belt loop of cfLH� is involved in di-
recting cfFSH-R and/or cfLH-R recognition, whereas substi-
tutions with corresponding cfFSH� and hCG� regions would
be informative on how the�-subunit seat belt confers re-
ceptor specificity to cfLH. It should be noted that cfFSH as
well as hCG are very specific in stimulating the cfFSH-R
or cfLH-R, respectively (Vischer et al., 2003b; Vischer and
Bogerd, 2003a). In addition, we introduced cfLH� seat-belt
loops into the cfFSH� to investigate if they can confer cfLH-
R and/or maintain cfFSH-R stimulating-activity to chimeric
cfFSH analogs.

Concentrations of recombinant catfish gonadotropin
analogs were determined by two different radioimmunoas-
says using polyclonal antisera against either the common
c 11–12
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substitution with its cfFSH� counterpart. In addition, the in-
troduction of the cfFSH� determinant loop into cfLH resulted
in an∼18.5-fold increase in its cfFSH-R-stimulating activ-
ity compared to wild type cfLH, revealing the presence of
important cfFSH-R-selective determinants in this region of
cfFSH�. In contrast, except for the conserved Asp residue
(i.e. amino acid residue 93 of human FSH�; seeFig. 3), the
determinant loop of human FSH� is not essential for FSH
binding to the hFSH-R, but restrains the interaction with the
hLH-R (Lindau-Shepard et al., 1994; Campbell et al., 1991;
Moyle et al., 1994). The determinant loop of hCG�, on the
other hand, and in particular its net positive charge, was found
to be crucial for LH-R-stimulating activity, without influenc-
ing FSH-R-recognition (Dias et al., 1994; Han et al., 1996).
Surprisingly, the introduction of the cfLH� determinant loop
in cfFSH� did not lead to an increased potency to stimulate
the cfLH-R. Moreover the cfFSH/LH10–11 analog was found
to be devoid of both cfFSH-R- and cfLH-R-stimulating activ-
ity. In view of the fact that wild type cfLH displays intrinsic
cfFSH-R-stimulating activity, it is unlikely that the cfLH� de-
terminant loop residues would be able to fully inhibit the po-
tency to stimulate the cfFSH-R when introduced into cfFSH.
Hence, we believe that the apparent absence of any bioac-
tivity may be related to changes in overall conformation of
cfFSH.
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ay ratios as compared to wild type cfLH, suggesting that
verall conformation may have changed as a result of the
ations. This notion was supported by the fact that subs
ion of the cfLH� Cys11–12 region with corresponding FSH�
equences did not severely alter the intact hormone/c�
atio, indicating that the cfLH seat belt itself does not fo
major epitope for anti-intact cfLH antisera binding. Ty

ally, the overall conformation of human TSH/FSH/CG
quid CG analogs appeared not to be affected by interch
nd/or mutagenesis of their respective seat-belt loops
oyle et al., 1994; Dias et al., 1994; Lindau-Shepard e
994; Grossmann et al., 1997; Chopineau et al., 2001). Crys-

al structures of hCG and hFSH revealed that the Cys11–12

egion of their�-subunit seat-belt loops are tightly wrapp
round the third loop of the�-subunit (i.e.�L3; Lapthorn e
l., 1994; Fox et al., 2001). Since the overall cfLH confo
ation appeared to be rather sensitive to substitutions o
ys11–12 region with Ala cassettes and corresponding h
equences, one may speculate that only the Cys11–12 region
f cfLH� and cfFSH� are tolerated in the vicinity of the�L3
f the cfLH analogs.

Ala-cassette substitution of the determinant loop of cfL�
evealed that the determinant loop residues of cfLH� (i.e.
mino acids TMDTS, excluding D96; seeFig. 1) is indis-
ensable for cfLH-R-stimulating activity, but seems no
e involved in conferring cfFSH-R-stimulating activity
fLH. The importance of the Cys10–11 region of cfLH� for
ts cfLH-R-stimulating activity was further supported by
Replacing the cfLH� determinant loop with the one
CG� did not change the cfLH-R-stimulating potency co
ared with wild type cfLH. In contrast to the situation in hC
Han et al., 1996), this result suggests that the net charge o
eterminant loop is of minor importance in directing cfL
-stimulating activity to cfLH. Since the determinant loo
f cfLH� and hCG� share only a Thr residue, which cor
ponds to an Ile residue in cfFSH� (Fig. 1), our observation
redict a role for this hydrophylic side chain in mediating s
ific cfLH-R-stimulating activity. However, site-directed m
agenesis revealed that the corresponding Thr residue in
i.e. Thr97) is not involved in LH-R binding (Huang et al.
993). Surprisingly, the hCG� determinant loop also led
n increased cfFSH-R-stimulating potency of this cfLH a

og. This contrasts earlier observations, in which the pres
f the hCG� determinant loop in the context of human FS�
r TSH� did not enhance their interaction with the FSH
r TSH-R, respectively, but rather conferred bifunctiona

o these chimeric analogs (Dias et al., 1994; Grossmann
l., 1997). Taking into account the receptor-binding profi
f these chimeric human glycoprotein hormone analogs

arge heterogeneity in physicochemical properties betw
he determinant loop side chains of hCG� and cfFSH� (see
ig. 1), and in particular the fact that hCG is devoid of cfFS
-stimulating activity (Bogerd et al., 2001), it is difficult to
xplain how the determinant loops of hCG� and cfFSH�
xert a similar effect on cfFSH-R-stimulating activity wh
laced in the context of cfLH.

Thus, our findings suggest that the determinant loo
fLH� is essential for LH activity but seems to be dispe
ble for FSH activity. In this respect, the function of the
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Fig. 3. Alignment of amino acid sequences of the seat-belt region of LH/CG, FSH and TSH�-subunits of species from various classes. Conserved cysteine
residues are indicated by black boxes, whereas the conserved aspartic acid in the determinant loop is depicted in bold and italics. In addition, positively charged
residues are indicated by grey boxes, while negatively charged residues are underlined.

terminant loop of fish LH� appeared to be similar as that
of mammalian LH�/CG�, directing the hormone’s activity
towards the LH-R. In human gonadotropins, the net charge
difference between their determinant loops determines the
ability of hCG and hFSH to interact with the LH-R (Campbell
et al., 1991; Moyle et al., 1994; Han et al., 1996). Accurate
comparison of superimposed crystal structures of hCG and
hFSH revealed significant differences in surface charge char-
acteristics between the hFSH� and hCG� determinant loops
(Fox et al., 2001): three Asp residues in FSH form a nega-
tively charged patch on one side of the determinant loop. On
the other hand, the positively charged Arg residues in the de-
terminant loop of hCG� are not arranged as a charged patch,
as their side chains are directed to opposite sides of the loop.
The negatively charged surface of the determinant loop of
hFSH� is not essential for binding to the hFSH-R, but acts

as an inhibitory determinant by blocking unintended interac-
tions with hLH-R (Lindau-Shepard et al., 1994; Dias et al.,
1994). Typically, the determinant loop of cfFSH� appeared
to be essential for cfFSH-R-stimulating activity, but seemed
not to be actively involved in inhibiting the interaction with
cfLH-R. Since determinant loops of fish LH and FSH share
a similar negative net charge and positional conservation of
acidic residues, of which the side chains are predicted to have
a similar spatial orientation (cf. crystal structures of hCG and
hFSH;Lapthorn et al., 1994; Fox et al., 2001), the mecha-
nism by which key determinants in determinant loops of fish
gonadotropins confer receptor-stimulating activity to these
hormones remains puzzling.

The primary sequence of the Cys11–12 loop of cfLH�
seems to be important for both cfFSH-R- and cfLH-R-
stimulating activity as indicated by Ala-cassette substitu-
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tion. However, Ala-cassette mutation affected the potency
to stimulate the cfLH-R more than its cfFSH-R stimulat-
ing activity. In contrast, replacing the Cys11–12 residues of
cfLH� with the corresponding hCG� sequences affected
the cfFSH-R-stimulating activity more than its potency to
stimulate the cfLH-R. Similarly, introducing the Cys11–12

residues of hCG� into human FSH� significantly attenuated
FSH-R-binding activity, however, without adding any LH-
R-stimulating activity to this FSH analog (Dias et al., 1994).
Nonetheless, it should be taken into account that substitution
of the Cys11–12 residues of cfLH� with Ala residues or the
corresponding hCG� residues may have changed the over-
all cfLH analog conformation, so that a direct effect of these
mutations on receptor interaction can not be undoubtedly dis-
tinguished from an indirect effect resulting from altered hor-
mone conformation. However, the fact that cfLH/Ala11–12

and cfLH/hCG11–12 had comparable cfFSH-R-stimulating
activities, supports the importance of the primary sequence
of the Cys11–12 region of cfLH� in conferring cfFSH-R se-
lectivity. The potency of cfLH to stimulate the cfFSH-R was
significantly increased by replacing the Cys11–12 residues of
cfLH� with the corresponding cfFSH� residues. Remark-
ably, however, the Cys11–12 region of cfLH� was sufficient
to confer full cfFSH-R-stimulating activity when placed in
the context of cfFSH.
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the basis of the observed receptor selectivity in the catfish,
which may rather reside in differences in hydrophobicity of
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Quérat, B., Tonnerre-Doncarli, C., Génìes, F., Salmon, C., 2001. Dual-
ity of gonadotropins in Gnathostomes. Gen. Comp. Endocrinol. 124,
308–314.
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