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Human follitropin receptor (hFSHR) ¢cDNA was inserted into the genome of
Autographa californica nuclear polyhedrosis virus under the control of the
polyhedrin promoter. Spodoptera frugiperda (Sf9) insect cells expressed the hFSHR
at the membrane level, 2-3 days after infection. Ligand binding analysis
demonstrated saturable, high-affinity binding of 125I-labeled recombinant hFSH (Kg
= 0.17 nM) as well as binding specifity for both human and equine FSH.
interestingly, a highly purified preparation of equine choriogonadotropin was found
to compete with the binding of 125|-rhFSH. Finally, Western-blot analysis, using a
monoclonal antipeptide antibody directed to the 178-206 region of the hFSHR,
revealed two bands migrating at My 77 and 130 kDa.  © 1983 acadenic press, inc.

Follitropin (FSH) is a pituitary gonadotropin which belongs to the glycoprotein
hormone family, including the lutropin (LH), the thyrotropin (TSH) and the placental
choriogonadotropin (CG) (1). FSH binds to specific receptors present on the gonads
to initiate and regulate functions essential for ovulation and spermatogenesis (2).
The recent cloning and sequencing of the FSH receptor (FSHR) in various species
(3-5) indicated that this receptor belongs to the G protein-coupled receptor family,
characterized by seven hydrophobic o-helices that constitute a putative
transmembrane domain. Furthermore, the FSHR presents a typical large,
glycosylated extracellular (EC) N-terminal domain which constitutes the high affinity
binding site for hormone (6). The elucidation of the molecular mechanisms involved
in human FSH (hFSH) action has been impaired for a long time by the limited
availability of human gonadal tissues as well as the paucity of gonadal FSH-binding
sites (7). Thus, the recent availability of the recombinant hFSHR makes it useful for a
variety of structural and functional experiments.

The baculovirus (Autographa californica) expression system (8) constitutes a
promising approach for the production of a number of biclogically active peptidic
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ligands and receptors. It has been recently and successfully used for the production
of glycoprotein hormones, particularly the human CG (9). In contrast, several
attempts to express the N-terminal half of the LH/CG porcine receptor and the entire
and truncated TSH receptor failed or led to the production of uncorrectly folded
protein resulting in non functional receptors (10-12). In the present study, we
reported that the infection of insect Spodoptera frugiperda (Sf9) cells with a
recombinant baculovirus carrying the full-length human FSHR gene under the
control of the strong polyhedrin promoter (BV-hFSHR) results in the expression of a
functional recombinant receptor in terms of binding properties. The rhFSHR was
also identified by a monoclonal antipeptide antibody directed to the 178-206 region
of the hFSH receptor.

Materials and Methods

Cell culture and Reagents - The Sf9 insect cell line was grown in TC100 insect
medium (Gibco-BRL Laboratories, UK) containing 4% heat inactivated fetal calf
serum (FCS) (IBF biotechnics, France). Highly purified hCG (CR-127) and
recombinant hFSH (rhFSH) were generously supplied by the National Hormone and
Pituitary program (NIDDK, NIH, MD) and by AAT-Serono {Randoiph, MA),
respectively. Xhol adaptor oligonucleotides were obtained from GENSET (Paris,
France).

Construction of a Baculoviral Transfer Vector Containing the hFSHR cDNA
Sequence (pAC/hFSHR) - The plasmid pUC18 containing the human FSH receptor
cDNA, with an open reading frame of 2085 nucleotides, was digested with Xhol
endonuclease (13). The vector pAcCL29.1 (kindly supplied by Dr. G. Allée) was
digested at the unique Sma | restriction site and ligated to Xho! adaptor. The Xhol
fragment (2.1 kb), containing the full-length coding region flanked by 18 bp upstream
and 7 bp downstream noncoding sequences was isolated by agarose gel
electrophoresis. This fragment was then inserted into the Xhol site of vector
pAcCL29.1 downstream from the polyhedrin promoter to produce the pAC/hFSHR
(Figure 1). A recombinant plasmid containing a single copy of the sense-oriented 2.1
kb recombinant hFSHR cDNA fragment was identified by restriction endonuclease

mapping.

Transfection of Insect Sf9 Cells, Isolation of the Recombinant Baculovirus (BV-
hFSHR) and Expression of the rhFSHR Protein in Sf9 Cells - The permissive host
Sf9 cell line was seeded at a density of 2 x 108 cells/T25 flask (Falcon, NJ) in
supplemented Grace's insect medium and cotransfected with cesium chloride-
purified pAC/hFSHR (2ug) and wild-type (wf) AcCNPV viral DNA (1ug) (Invitrogen
Corporation, San Diego, CA), using the calcium phosphate precipitation technique.
Five days later, viral pools were screened by dot blot hybridization performed on
infected Sf9 cells. After 5-7 days culture, cells were lysed and blotted lysates were
screened with 5[a32P] dCTP-labeled hFSHR cDNA as a probe. Membranes were
then washed and exposed for autoradiography. Supernatants from positive wells
were submitted to four rounds of subsequent screening in order to eliminate wt
virus. A positive recombinant viral clone, designated BV-hFSHR, was selected. Sf9
cells were infected at a multiplicity of infection (MQOI) of 5-10 PFU per cell with either
wt ACNPV or BV-hFSHR virus, in monolayers for virus amplification or in a shaker
flask for expression (8).
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Figure 1. Partial restriction map of baculovirus expression pAC/hFSHR plasmid.
The black region represents the human FSHR cDNA. The grey regions
represent ACNPV polyhedrin promoter and terminator, and the white
region represents pAcCL29.1 vector DNA. The direction of
transcription of h(FSHR cDNA is indicated by the arrow.

Binding studies - Infected Sf9 cells were harvested at various times post-infection by
centrifugation at 1,500 rpm and washed three times with 10 mM phosphate buffer
pH 7.4 containing 150 mM NaCl (Pi/NaCl). Pellets were then resuspended in the
appropriate volume of binding buffer (Tris-HCI 10 mM pH 7.5, MgCl> 5mM, CaClz
5mM) containing 1% bovine serum albumin (BSA). rhFSH was radioiodinated with
125| (Commissariat & 'Energie Atomique, Saclay, France) to a specific activity of 65-
70 mCi/mg of protein using the IODO-GEN procedure (14). In saturation binding
assays, various concentrations of 125l-rhFSH were used for binding to 106 cells. For
the generation of displacement curves, a fixed amount of 125-rhFSH (5 x 104 cpm)
was used for binding to 106 cells in the presence of different concentrations of either
unlabeled rhFSH, hCG, or the equine hormones eFSH and eCG. Samples were
incubated overnight at 4°C in a final volume of 500 ul and 1 ml of binding buffer plus
0.1% BSA was then added. After centrifugation, cell pellets were washed once with
1 ml of binding buffer plus 0.1 % BSA and the bound radioactivity was measured.

Western-Immunoblotting of the rhFSHR - Sf9 cells infected with either BV-hFSHR
virus or wt AcNPV were harvested 48-96 h post-infection and washed twice in
Pi/NaCi . After centrifugation for 10 min at 1,500 rpm, peliets were resuspended and

lysed in Laemmii buffer containing 5% B-mercaptoethanol. Samples, representing
about 14 x 104 cells, were then submitted to SDS-PAGE. Proteins were transferred
onto polyvinylidene difluoride (PVDF) membranes (Biorad, lvry, France) at 4° C
overnight at 50V, as described (15). After saturation with Pi/NaCl containing 5%
nonfat milk for 1 h, the membranes were incubated for 4 h at room temperature with
a 1:100 dilution of culture supernatant containing a monoclonal antipeptide
antibody, designated FRECO05 and raised against a synthetic peptide mimicking the
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178-206 portion of the hFSHR1. Membranes were then washed with Pi/NaCl
containing 0.2% Tween 20 and incubated with 125]-labeled sheep anti-mouse Ig
F(ab')2 (Amersham) for 2h at room temperature. After subsequent washing,
membranes were autoradiographed.

Results and Discussion

Expression of the recombinant hFSHR (rFSHR) protein was analyzed at
different times post-infection by using the 125I-rhFSH binding assay. As shown in
Figure 2, a maximal expression of rhFSHR was observed between 48-96 h after
infection. The synthesis of rhFSHR then decreased as the virus entered in its lytic
phase. This biosynthesis kinetic is typical for genes under the transcriptional control
of the very late polyhedrin gene promoter. To determine whether the recombinant
hFSHR expressed in insect cells exhibited similar binding properties to those
presented by tissue purified receptors (16), binding studies were performed at 48 or
96 h post-infection.

A dose-dependent increase in specifically bound 25|-rhFSH was detected in
BV-hFSHR-infected Sf9 cells incubated with increasing concentrations of labeled
rhFSH (Figure 3), whereas no binding was observed on uninfected cells or cells
infected with the wt virus (data not shown). This process was found to be saturable
and the number of hFSH receptors calculated on the basis of the rhFSH binding
capacity was about 7,000 receptors/cell at 48h post-infection. Recombinant hFSHR
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Figure 2. Time course of hFSHR synthesis in BV-hFSHR-infected Sf9 cells as
analyzed by radioreceptor assay.

Figure 3. Scatchard plot analysis of 125]-rhFSH binding to BV-hFSHR-infected
519 cells. Results were analysed using the Ligand computer program
(22).

1 Christophe et al., manuscript in preparation.
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also bound glycoprotein hormones with appropriate affinity and selectivity.
Scatchard analysis provided an estimated Kq value for rhFSH of 0.17 nM, quite
similar to that measured on calf testis. To test the binding specificity of the expressed
rhFSHR, infected Sf9 cells were incubated with 125|-rhFSH in the presence of
increasing doses of the various competitors. As shown in Figure 4, rhFSH and eFSH
displaced 1251-rhFSH binding with an EDsgp of 2 and 20 ng/ml, respectively, while
hCG was not effective. In contrast, a highly purified preparation of eCG appeared to
compete with the binding of 125|-rhFSH to its receptor, albeit being a 20-fold less
potent than rhFSH. This result is in disagreement with the previous observation of
Tilly et al. (17), indicating that only hFSH and rat FSH bound to the hFSHR
expressed in human fetal kidney 293 cells. The reasons for such discrepancy are
not clearly understood but differential post-translational processing, i.e
glycosylation pathways, in insect and human cells might be hypothesized. Taken
together, these observations suggested that the rhFSH receptor expressed in insect
Sf9 cells exhibited the correct conformation to ensure its hFSH binding capacities
with appropriate affinity and selectivity.

Western immunoblotting analysis, using antipeptide mAb FRECO05 and
performed under reducing conditions, showed a major band migrating at an
apparent Mr of 77 kDa, consistent with the molecular size of the recombinant hFSHR
predicted from the cDNA. A second band migrating at 130 kDa was observed,
probably corresponding to a glycosylation varnant of the receptor (17,18). No cross-
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Figure 4. Displacement curves of '25-rhFSH binding to BV-hFSHR-infected Sf9
cells by human and equine gonadotropins. Assays were performed in
triplicate in three separate experiments with different batches of
infected cells.

Figure 5. Western blot analysis of the rhFSHR. Extracts were prepared from BV-
hFSHR- (lane 1) or AcNPV-infected Sf9 cells (lane 2) at 48 h post-
infection, resolved by SDS-PAGE, electrophoretically transferred to
nitrocellulose, and immunostained using the FRECO05 antibody.
Binding of the antibody was inhibited by preincubation with 10-5 M of
the corresponding synthetic peptide (lane 3).
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reacting material was detected in uninfected cells or in cells infected with the wt
virus. Moreover, immunostaining appeared to be specific as shown by the inhibition
of FRECO05 binding after preincubation with increasing concentrations of the
corresponding peptide (Fig. 5). Interestingly, the two immunostained bands exhibit
apparent molecular sizes similar to those displayed by the hFSHR expressed in the
293 cell line as analyzed by cross-linking studies (17). It has been reported that the
mature form of the FSH receptor, isolated from bovine calf or rat testis, may be an
oligomer of about 240 kDa as viewed by ligand blotting after SDS-PAGE under
nonreducing conditions (16,19). Dimerization and/or aggregation of the 77 kDa form
of the hFSHR, while not critical for hormone binding, are important for signal
transduction and might explain these different observations. In addition, our resuits
also suggest that, although four putative N-glycosylation sites are predicted from the
cDNA sequence, the rhFSHR is poorly glycosylated. Several studies have indicated
that most of the N-glycan chains on the CG/LH receptor are not critical for high
affinity binding of the hormone (20).

To our knowledge, this is the first report of the expression in the baculovirus
system of an entire receptor for the glycoprotein hormone family. Production of the
EC domain of both porcine CG/LH receptor and human TSH receptor resuited in
high levels of proteins that weakly bound their respective ligands (10,11). Using the
entire hTSH receptor, Harfst et al. showed that, despite high mRNA levels, no
protein was detectable (12). Although there is no clear explanation for this result, it
might be possible that biochemical processing, required for the maturation of the
entire receptor, is specifically present in some cells. Indeed, in contrast to the CG/LH
and FSH receptors, a proteolytic post-transilational maturation event appears to be
necessary for the correct folding of the TSH receptor (21). Finally, the production of
the hFSH receptor in the baculovirus expression system provides unlimited material
for both structural and clinical studies, for the development of screening systems as
well as for antibody production.

Acknowledgments - Drs. G.R. Bousfield and C.A Kelton are greatly
acknowledged for their kind gifts of equine hormones and for the cDNA encoding for
the human FSH receptor, respectively.

References

1. Pierce, J.G. and Parsons, T.F. (1981) Annu. Rev. Biochem. 50, 465-495.

2. Chappel, S.C., Ulloa-Aguirre, A., and Coutifaris, C. (1983) Endocrine Rev. 4,
179-211.

3. Sprengel, R., Braun, T., Nikolics, K., Segaloff, D.L., and Seeburg, P.H. (1990)
Mol. Endocrinol. 4, 525-530.

4. Minegish, T., Nakamura, K., Takakura, Y., Ibuki, Y., and Igarashi, M. (1991)

Biochem. Biophys. Res. Commun. 175, 1125-1130.

407



Vol. 196, No. 1, 1993 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS

10.
11.
12.
13.

14.
15.
16.

17.
18.
19.

20.
. Loosfelt, H., Pichon, C., Jolivet, A., Misrahi, M., Caillou, B., Jamous, M., Vannier,

22.

Khan, H., Yarney, T.A,, and Sairam, M.R. (1993) Biochem. Biophys. Res.
Commun. 190, 888-894.

Braun, T., Schofield, P.R., and Sprengel, R. (1991) Embo J. 10, 1885-1890.
Hsueh, A.J.W., Bicsak, T.A,, Jia, X.-C., Dahl, K.D., Fauser, B.C.J.M., Galway,
A.B., Czekala, N., Pavlou, S.N., Papkoff, H., Keene, J., and Boime, I. (1989)
Recent Prog. Horm. Res. 45, 209-277.

Summers, M.D. and Smith, G.E. (1988) A manual of methods for baculovirus
vectors and insect cell culture procedures. Texas agricultural experimental
station bulletin n® 1555,

Chen, W.Y,, Shen, Q.X., and Bahl, O.P. (1991) J. Biol. Chem. 266, 4081-4087.
Salesse, R., Remy, J.J., Levin, J.-M., Jallal, B., and Garnier, J. (1991) Biochimie
73, 109-120.

Huang, G.C., Page, M.J., Nicholson, L.B., Collison, K.S., Mcgregor, A.M., and
Banga, J.P. (1993) J. Molecular Endocrinol. 10, 127-142,

Harfst, E., Johnstone, A.P., Gout, |, Taylor, A.H., Waterfield, M.D., and Nussey,
S.8. (1992) Mol. Cell. Endocrinol. 83, 117-123.

Kelton, C.A., Cheng, S.V.Y., Nugent, N.P., Schweickhardt, R.L., Rosenthal, J.L.,
Overton, S.A., Wands, G.D., Kuzeja, J.B., Luchette, C.A., and Chappel, S.C.
(1992) Mol. Cell. Endocrinol. 89, 141-151.

Fraker, P.J. and Speck, J.C. (1978) Biochem. Biophys. Res. Commun. 80, 849-
857.

Bidant, J.-M., Troalen, F., Ghillani, P., Puisieux, A., Bohuon, C., and Bellet, D.
(1991) J. Biol. Chem. 266, 19238-19244.

Reichen, L.E., Dattatreyamurty, B., Boniface, J.J., Grasso, P., Zhang, S.-B., and
Santa-Coloma, T.A. (1990) In Glycoprotein Hormones (W.W. Chin and |. Boime,
Eds.), pp. 385-394. Serono Symposia, USA, Norwell.

Tilly, J.L., Aihara, T., Nishimori, K., Jia, X.-C., Billig, H., Kowalski, K.l., Perlas,
E.A., and Hsueh, A.J.W. (1992) Endocrinology 131, 799-806.

VuHai-LuuThi, M.T., Misrahi, M., Houllier, A., Jolivet, A. and Milgrom, E. (1992)
Biochemistry 31, 8377-8383.

Dattatreyamurty, B., Smith, R.A., Zhang, S.B., Santacoloma, T.A., and Reichert,
L.E. (1992) J. Molecular Endocrinol. 9, 115-121.

Liu, X.B., Davis, D., and Segaloff, D.L. (1993) J Biol. Chem. 268, 1513-1516.

B., and Milgrom, E. (1992) Proc. Natl. Acad. Sci. USA. 89, 3765-3769.
Munson, P.J. and Rodbard, D. (1980) Anal. Biochem. 107, 220-239.

408



