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ABSTRACT:. The human glycoprotein hormones chorionic gonadotropin (CG), thyrotropin (TSH), lutropin
(LH), and follitropin (FSH) are heterodimers, composed of a commsnbunit assembled to a hormone-
specific f subunit. The subunits combine noncovalently early in the secretory pathway and exist as
heterodimers, but not as multimers. Little information is available regarding the steps associated with the
assembly reaction. It is unclear if the initi@p engagment results either in the formation of only mature
heterodimer or if the nascent complex is reversible and can undergo an exchange of subunits or combine
transiently with an additional subunit. This is relevant for the case of LH and FSH, because both are
synthesized in the same cell (i.e., pituitary gonadotrophs) and several @fthigunit sequences required

for association with either the LHor FSH3 subunits are different. Such features could favor the generation

of short-lived, multi-subunit forms prior to completion of assembly. Previously, we showed that e CG

or FSH3 subunit genes can be genetically fused todhgene to produce biologically active single chains,
CGBa and FBa, respectively. Studies using monoclonal antibodies sensitive to the conformation of the
hCG subunits suggested that in contrast to the highly compact heterodimer, the interactions between the
p ando domains in the single chain are in a more relaxed configuration. That the tethered domains do
not interact tightly predicts that they could combine with an additional subunit to form triple domain
complexes. We tested this point by cotransfecting CHO cells with the genes encgdirané the C@

subunit or the CBa. and FSH monomer. The CG subunit combined noncovalently with3& to form

a FBa /CGB complex. Ternary complex formation was not restricted to a specific set of single chain/
monomeric subunit, because a GBFSH5 complex was also detected implying that triple domain
intermediates could be transiently generated along the secretory pathway. Monoclonal antibodies specific
for the CG heterodimer recognized thBd#FCGS complex, which suggests that the epitopes unique for
dimeric CG were established. In addition, media containifig/EGS displayed high-affinity binding to

both CG and FSH receptors. The presence of CG activity is presumptive for the existence of a functional
FBa /ICGS complex, because neithefé& nor the uncombined C&subunit binds to CG receptor. These

data show that the subunit of the tether, although covalently linked to the B®ldmain, can functionally
interact with a differenS subunit implying that the contacts in the nascefitdimer are reversible. The
formation of a functional single chain/subunit complex was not restricted to the FSH single chain/CG
subunit since CG single chain interacts with the monomericSibunit and exhibits FSH activity. The
presence of the triple domain configuration does not abolish bioactivity, suggesting that although the
gonadotropins are heterodimers, the cognate receptor is capable of recognizing a larger ligand composed
of three subunit domains.

A key feature of the glycoprotein hormone family, which ligand (1). The subunits have been detected in vivo only as
consists of chorionic gonadotropin (CGpllitropin (FSH), monomers or bioactive heterodimers, and althoughothe
lutropin (LH), and thyrotropin (TSH), is their heterodimeric  subunit is common to the four hormones, it appears that the
structure. The hormones are comprised of a common contact sites in the subunit for F8Hnd C@ subunits are
subunit bounded noncovalently to a variafflsubunit that not the sameZ, 3). The formation of an assembly competent
confers the receptor binding specificity for each dimeric subunit, at least in the case of the £Gubunit, occurs
through multiple intermediates},(5). However, once this
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segregation of the LBland FSH$ subunits, each paired with  Gonadotropin subunits and single chain variants
an a subunit. Alternatively, thex subunit may co-mingle

with a mixed population off subunits, raising the question

of whether theo. subunit can interact intracellularly with & {
more than onef subunit before reaching steady-state. 1 114 145
Intermediates composed of subunits in a stoichiometric cGp | [cTe |
combination that differ from the mature glycoprotein were . "

observed during the biosynthesis of the nicotinic acetylcho-
X . X FSHB
line receptor. While the mature pentamer is composed of

o2fByd, intermediates in various combinations (i.eyay 1 114 145 237
or a2(02) were detected generated during biosynthesis of CGBa | [cTP
the ion channel§q, 7).

For the gonadotropin case, we suspected that multi-subunit I
interactions are possible, because: (a) mutagenesis studies P%
discussed above suggested that some of the contact sites
between the commomt and uniquef subunits are not
identical @, 3); (b) The crystal structure of hCG revealed
that the molecule is elongated rather than globular, with Ficure 1: Protein structure of subunits and tethered gonadotropins.
minimal hydrophobic core and a large interface between the Thea, CGS, and FSI subunits are represented by stippled, white,
subunits 8, 9). However, despite the extensive interface, it 28 078y e eoReE o, o1 e CTP sequence. For
Was_ConCIuded that the affinity between the SUbun'.tS 'S the single chains, the carbox;)/terminus of theubunit is%eneti-
relatively moderate9). Taken together, these observations cally fused to the amino end of the commansubunit and the
suggest that in the initial assembly phase, the contactsresidues of the two subunits are numbered continuously. The car-
between the two subunits are reversible. This implies that boxyl terminal peptide of C@ (CTP; amino acid residues 115

an incoming3 subunit can disrupt the/ interactions in the 145 of C@) is preserved in the single chain hCG (66. The
o ptthe/s two FSH single chain variants differ by the absengeo(for pres-

nascent dimer and sup_plant thg orlglﬁahonomer, or th?t ence (IBCa) of the CTP spacer between the tetheseand FSHS
more than two subunit domains can coexist in a single sypunit domains.

molecule before secretion of mature heterodimer. To test

these predictions, we used a tethered subunit gonadotropin

where only ong8 subunit is genetically fused to thesubunit large ligand composed of three subunit domains is bioactive
(10—-14). Because the integrity of the carboxy terminal of in vitro supports the hypothesis that different conformers of
the o subunit is critical for maximal bioactivity, we and a glycoprotein hormone can productively interact with the
others linked the carboxy end of tiffesubunit to the amino  receptor 16, 17). In addition, the data are consistent with
terminus of theo. subunit domain10—14). These variants  the hypothesis that the initial3 interactions in the ER are
exhibit biological activity comparable to the corresponding transient.

heterodimers0, 13). Data obtained from analyses using a

panel of monoclonal antibodies (mAbs) that are specific for ExPERIMENTAL PROCEDURES

either the heterodimer or for epitopes present only in the

free subunit, suggest that single chain hCG is in a more open DNA Transfection and Cell Cultur&Engineering of the
configuration than the corresponding wild-type dim&B)( genes encoding single chain hCG (€43 and the tethered
Because the tethered gonadotropin displays characteristic§SH without (FBo) or with a 28 amino acid linker (fCa.)

of both a heterodimer and a monomeric subunit, we derived from the carboxy terminal peptide (CTP) of the®CG
considered it as an incompletely assembled hormone. Thissubunit were described previousl§Q{ 13, 18). Figure 1
implies it could complex with an additional monomeric illustrates the different subunits and single chain variants
subunit, because there would be less steric interference apresented here. All variants were inserted into the mammalian
the o/ contact sites compared to that seen in the het- expression vector pf(10, 13) and were transfected into
erodimer, which would exclude interactions between more CHO cells by calcium phosphate. Stable clones were selected
than two mature subunits. To test this hypothesis, we approximately 11 days after transfection by using the
coexpressed the gene encoding either CG or FSH single chaimeomycin analogue G418 (25@/mL). The clones were
with a monomeric subunit. LBland C@ share 85% identity =~ maintained in Ham's F-12 medium [supplemented with
in their first 110 amino acid residues)( and both LH and penicillin (100 units/mL), streptomycin (12@/mL), and 2

CG bind to the identical receptor and elicit the same mM glutamine] containing 5% fetal bovine serum and G418
biological response. Because of the availability of crystal (125 ug/mL) at 37° C in a humidified atmosphere of 5%
structure information for the C&subunit, and of numerous  CO,/95% air, as previously describe8.

conformational sensitive mAbs against hCG, we used the Metabolic LabelingCells were labeled overnight in F-12
CGp subunit rather than LB subunit to study the assembly based medium, containing dialyzed calf serum containing
reaction with theo subunit domain in the single chain. The 25 uCi/mL [3°S] cysteine or mixture of3fS] cysteine and
data show that the monomeric BGsubunit combines  methionine (Pro-mix) as describet&-18). Aliquots of cell
noncovalently and intracellularly with the fuseddomain lysate and medium were immunoprecipitated with polyclonal
in the tethered FSH resulting in a biologically active complex. antisera directed against either the comneoar the C@
Similarly, the FSH monomeric subunit combines with  subunit. The reduced proteins were resolved on 12.5% SDS-
CGpa to form a bioactive CBo/FSH5 complex. That a  polyacrylamide gels.

1 111 139 231
FBCO( | CTP
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Western Blot Analysisviedia samples were resolved on
12.5% SDS-polyacrylamide gels under nonreduced condi-
tions and blotted onto nitrocellulose. The blots were probed
with antisera or mAbs, as described in the figure legends.
Purified hCG (CR 127) and recombinant (r) FSH were
obtained from the NIH and Organon (Oss, The Netherlands),
respectively. The antisera to theor CG3 subunit are raised
in the lab. The hCG conformational sensitive mAbs A407
and B109 that recognize primarily the heterodimer, but not
the monomeric subunits, were kindly provided by Dr. Steven
Birken (Columbia University Medical School, New York).
The mAb 60H-2 (designated as mAb 60), which recognize
all forms of FSHB, was obtained from Organon (Oss, The
Netherlands). The mAb INN-hFSH-117 (designated as 117)
has a 100-fold greater affinity for dimeric FSH than to the
monomeric FSK subunit (9, 20). The blots were visualized
with the Western Light detection system (Tropix) following
the manufacturer’s protocol.

Radio-Receptor Assagonditioned media were concen-
trated using either a Centricon concentrator (Amicon) or an
ultra-free concentrator (Millipore). Subsequently, the samples

were washed in PBS and quantitated using double polyclonal Transfect

based RIA (Diagnostic Products Inc.), which includes
antiserum that recognizes either the £& FSH3 subunit.

Heterodimeric-like epitopes were determined in a solid-phase

immunoradiometric assay, using an IRMA Coat a Count kit
(Diagnostic Products, Inc.), which includes monoclonal
antibodies directed against epitopes in both thand
subunits of the heterodimer. The cross reactivity of tie F
single chain and or the G&Gmonomeric subunit in the hCG
IRMA was less than 3%. Likewise, no significant immu-
noreactivity was seen for the single chain hCG (fegin
either the FSH RIA or FSH IRMA.

Receptor binding and cAMP production were determined
using transfected CHO or human fetal kidney 293 cell lines,
expressing either the human LH or FSH recepfi, 22).

In some experiments, CAMP accumulation was determined
using the NEN Flashplate (Boston, MA) assay as per
manufacturer’s instructions. Briefly, % 10* CHO cells,
stably transfected, were incubated #h atroom temper-
ature with ligands ané?d cAMP added and incubated for

17 h at room temperature. The Flashplate was then read in

Packard top counter. Total binding was 15% and nonspecific
binding (in the presence of &g hCG for LH/CG receptor
binding assays or 5 IU of rFSH in FSH receptor binding
experiments) was 1.5% of total counts30 000 cpm or
~100 000 cpm for LH/CG and FSH receptor binding assays,
respectively).

RESULTS

Assembly of Single Chain Gonadotropin with Glycoprotein
Hormone SubunitMutagenesis and structural analyses of
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Ficure 2: Panel A. Heat lability of the secrete#d&CGS complex.
Media derived from cells transfected witl8é& and C@ (lanes 1

and 2), Ba alone (lanes 3 and 4) or CG dimer (cotransfeated
and C@ subunits; lanes 5 and 6) were analyzed without (lanes 1,
3, and 5) or with heat (95C, 3 min) (lanes 2, 4, and 6) on
nonreduced SDS-PAGE. The proteins were transferred to a
nitrocellulose and probed with polyclonal @@ntiserum (1:5000
dilution) and detected as described in Experimental Procedures.
Molecular weight (MW) markers (RainbowAmersham) are
shown. Panel B. Western blot analysis @gloFCGS complex with
hCG conformational sensitive mAb. Media from cells coexpressing

hCG suggest the potential for transient interactions betweenFSa and the C@ subunit (lane 1), or fo. or CGS alone (lane 2)

the o. and 5 subunits prior to secretion of the heterodimer.
Because the subunit domains in the single chain gonadotropi
display features of both assembled (heterodimer-like) and
uncombined (free) subunits, we examined if the tethered
domain in the single chain FSH can combine with a
monomeric C@ subunit in transfected CHO cells. This

n

were electrophoresed and blotted. The membrane was probed with
the hCG dimer-specific mAb B 109 (1:1000 dilition). In lane 2,
media derived from cells expressing individuallpd= and C@

were mixed (equal amounts as visualized witbr CG3 polyclonal
antisera) and incubated for 16 h at 32.

3) and (b) because free subunits do not bind to recegor (

combination was selected for two reasons: (a) site-directedany observed CG biologic activity would be presumptive
mutagenesis of the subunit revealed different contact sites for the formation of a productive single chairgubunit
for assembly depending on the gonadotrgpisubunits 2, complex.



Bioactivity of Multidomain Gonadotropin Complexes Biochemistry, Vol. 38, No. 46, 19995073

Fa 1

CGp |

FRCo [ |
CGp [ ] | ]

—
Complex [ - ® — CGBw/FSHB
CGDi — »» OGBo
: FSH Di — & or CG Di
5 2 2 85 3 @
a 8 8 z g i 58 3 &
© + + P T9 8k
3 & L ° 3
o o
i 8

Ficure 3: Panel A. Interaction of C@&subunit with single chain FSH variants withd€a) or without linker (FBa) between the tethered
domains. The following samples were electrophoresed under nonreduced conditions: media from cells expressirfy sheudic
cotransfected with either@o (lane 2) or Ba (lane 3); media containing only#Ea (lane 5) or fe. (lane 6); purified FSH dimer (Di; lane

4) and CG dimer (Di; CR127; lane 1). The blot was probed with B 109 (1:1000 dilution). Panel B. AnalysigiofESH5 complex with

a conformational sensitive FSH mAB. Western blot analyses of media samples of all, expressing FSH Di (lane 1), CG Di (lafie 2), CG
alone (lane 3), or coexpressed with FEsubunit (lane 4). The membrane was probed with mAb 117 (1:20 000 dilution) that recognizes
FSH dimeric epitope. The dashed line indicates the approximate position of CG Di gfd @Gthe membrane.

Media derived from cells coexpressingdand excessa  B109 is shown). Unlike that seen with the polyclonal
CGp subunit were Western blotted under nonreduced condi- antiserum, B109 detects immuno reactive high molecular
tions and probed with C&antiserum. A 62K band distinct ~ weight forms. Aggregates of the single chains were observed
from FBa. and C@ was observed (Figure 2, panel A, lane and while their composition is unclear such aggregation has
1; FBa/CGP); CGB migrates as a doublet, reflecting the been observed previously for native hC@8(29) and a
addition of one or two carbohydrate chair®3), No signal variety of single chain mutant&§, 17). In addition, previous
was seen when medium isolated from cells expressing onlystudies demonstrated no correlation between the presence
Fpa was analyzed (lane 3). That a noncovalent associationof aggregates and biological activity in a series of tethered
between the CG subunit and thex domain occurs in the  gonadotropin mutantsl, 17). The formation of the Ba/
single chain is shown by the disappearance of the complexCGS complexes occurred intracellularly rather than fortuitous
(lane 1) and the heterodimer (lane 5) when the media areinteraction between free subunit and single chain in the
boiled without 2-mercaptoethanol for three minutes (lanes medium, because no detectable complex was observed when
2 and 6). To estimate the efficiency op&CGS complex equal amounts of conditioned media from cells expressing
formation, we compared the amount of gGnonomer only the C@ subunit and Ba were mixed (panel B;
complexed with the Fo. single chain to the total C&pool compare lane 2 with lane 1).

(i.e., an uncombined as well as assembled subunit as Fpfa lacks a linker between the and o domains, but its
determined by RIA) in the sample. Of the total B@2.8 biologic activity is comparable to the spacer-containing
+ 17.1 IU/mL), 63% (58.6+ 18.6 IU/mL) was configured  tethered FSH (BCa,; ref 13) despite the different configu-

in heterodimeric association with thg&/CGS complex as ration [C denotes the linker that is a stretch of 28 amino
determined by the IRMA (see Experimental Procedures). acids derived from the carboxyl terminus of B@L, 30)].
Taken together, these data imply that the noncovalent To assess if the presence of the linker significantly affects
interaction between the Q&Gsubunit and thex domain in the formation of the triple domain complexS€a was
FBo resembles thex/6 combination of the hCG hetero- cotransfected with C& A complex (FBCo/CGp), distin-
dimer. guishable from the heterodimeric hCG, was observed on

Further evidence for a heterodimer-like interaction between western blots probed with mAb B109 (Figure 3, panel A;
the C@ subunit and Bo is the immunoreactivity of the  lanes 1 and 2). Thea/CGS (lane 2) migrates slower than
complex to hCG dimer-specific monoclonal antibodies B109 FSa/CGp (lane 3) due to the presence of the linker in the
and A407 g4—27). Both antibodies reacted with thesé/ single chain component of the former. As expected, B109
CGpB complex (Figure 2, panel B, lane 1) (only the data with did not detect FSH heterodimer (lane 4) nor the single chain
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mAb 60 117 (apparent MW > 67K), as discussed above, were also
| 1 T I observed when fo. was expressed alone or together with

1 2 3 4 5 6 7 8 . .

. - CGp (lanes 1 and 3, respectively). As expected, no signal
was seen with CG dimer (lane 4). When a blot derived from
the same gel was probed with dimer specific mAb 117 (lanes

Fpo. Aggregates — - . .
FRo/CGR— » > * 5—8), signals corresponding togB (lane 5) and FSH

heterodimer (lane 6) were observed. However, mAb 117 did
not recognize the Fo/CGS complex (compare lane—7
asterik and lane-3arrowhead), suggesting that while in the
FBa/CGS complex heterodimeric CG epitopes are estab-
lished (Figure 3, panel A), the corresponding FSH dimer
epitope is not seen. The potential to establish a follitropic
epitope is present and uncombinegofFcoexpressed in the
cells is recognized by mAb 117. In a complementary set of
. ) . - experiments, a complex was detected whens@Gingle
FIGURE 4: Analysis of FBa/CGS complex with a dimer specific  cnain and a FSBisubunit were coexpressed. A dimeric FSH

FSH mAb. Media samples of cells expressingpralone (lanes 1 . . -
and 5) or cotransfected Glsubunit, (lanes 3 and 7), and purified  €PItoPe was formed in the complex (Figure 3, panel B lane

FSH dimer (Di; lanes 2 and 6) and CG dimer (Di; CR127) (lanes 4) but a panel of conformational sensitive mAbs, which
4 and 8) were blotted and probed with mAb 60 (1:1000 dilution) recognize dimeric hCG, were unable to recognize this
(lanes 1-4) that recognize all forms of F§Hor with FSH dimer structure (not shown). The results further demonstrate that
specific mAb 117 (1:20 000 dilution) (lanes-B). The arrowhead 5 complex is not recognized by both CG and FSH dimer
in lane 3 identifies the Fo/CGB complex not seen in lane 1. The o : .
asterisk in lane 7 shows the position where the complex would SPECIfic MADbS, suggesting that at least for the epitopes tested
migrate if present. it does not exhibit, simultaneously, FSH and CG het-
erodimeric-like conformations. The results imply that an

variants [BCa and FBa (lanes 5 and 6, respectively). All  incoming/ subunit competes with the subunit domain in
FSH variants scored positive when probed with mAb 60 the single chain to eventually establish a single, rather than
which recognizes all forms of F§H(not shown), which  dual, heterodimeric interface with the tetheredsubunit
indicates the presence of sufficient protein in each lane. Thedomain. Taken together, the data support the hypothesis that
data show that heterodimeric-like complexes between aprior the formation of mature hormone the interactions
monomeric C@ and tethered FSH with or without a linker between the two subunits in the nascent heterodimer are
are formed. reversible.

That the tethered domain/monomeri@ subunit complex In Vitro Bioactivity of the Subunit/Tether Complexés
is not restricted to a particulad subunit was examined by an additional independent marker for the presence of
the ability of the CG single chain (Gf&) to interact with heterodimeric-like epitopes in the&/CGS complex, we
the monomeric FSHl subunit. Using a heterodimeric FSH examined if it acquired receptor binding determinants.
IRMA assay, 52% of the total monomeric F8ldubunit was Condition media from CHO cells, expressing both FSH
detected in association with @)@ to yield a C@o/FSH3 single chain (Ba) and the C@ subunit, were examined
complex (10.8+ 3.6 IU/mL vs 20.6+ 3.4 IU/mL measured  using transfected cells expressing either the LH/CG or FSH
by IRMA and RIA (h = 3), respectively). The C&/FSH3 receptor. LH/CG receptor binding activity could only result
complex was observed by Western blot analysis (Figure 3, from the formation of C@ subunit/tether molecule, because
panel B). FSH dimer specific mAb (designated 117) recog- neither uncombined C&monomer nor Ba single chain
nizes both heterodimeric FSH (lane 1) and thefa&SH3 alone exhibits LH/CG receptor binding. As shown in panel
complex (lane 4). Neither the CG heterodimer nor tethered A of Figure 5, the binding affinities of thee/CGp triple
CG were detected by the FSH mAb (lanes 2 and 3). The domain complex and heterodimeric hCG were similar.
data show that the formation of a subunit/single chain Because the medium also contains freeC&ibunit and
complex is not restricted to a unig@esubunit in the tether  uncombined FSH single chain, the RIA determination
or the monomeric component. captured the Bo/CGS and free C@. Neither the monomeric

Conformational Epitopes of /6/CGS ComplexA ques- CGg subunit nor the FSH single chain bind significantly to
tion that arises form these observations is whetherothe the LH receptor (data not shown and Figure 4 in 16J.
subunit in the Ba/CGB complexes with twgs subunits Thus, the activity observed is presumptive for the formation
simultaneously or if interaction with on¢ monomer of a productive interaction between the monomericCG
precludes a heterodimeric-like configuration with an ad- subunit and thex domain in the single chain to establish
ditional § domain. To address this issue, we examined if receptor binding determinants unique to the complex. Ade-
heterodimeric-like FSH epitopes coexisted with those gener- nylate cyclase was activated and cAMP production paralleled
ated by the tether-C&interaction (Figure 3, panel A) in  the binding (Figure 5, panel B). Although FSH bioactivity
the FBo/CGB complex. Media derived from cells expressing was also observed with cells expressing the FSH receptor
both FBa. and C@ was probed with a mAb (#60) that reacts (data not shown), it is difficult to assess if the complex has
with all forms of the FSI8 subunit or with heterodimeric-  FSH activity, because it is virtually impossible to distinguish
specific FSH mAb (#117) (Figure 4). The mAb 60 reacts its follitropic activity from activity manifested by the
with Ffa (lane 1), FSH dimer (lane 2), and the complex uncomplexed single chainoFn the sample. However, the
(lane 3, arrowhead), implying that the F8ldomain in both LH/CG activity could only have been generated from the
Fpa and FBa/CGS is not denatured. High molecular bands complex Ba/CGS. Thus, the appearance of high-affinity-

FBo. (FSH Di)—

-
%
*
=

Fpo

FSH Di
FRo+CGp
CGDi
Fpo.

FSH Di
FRo+CGp
CG Di
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Ficure 5: LH activity of media containing Fo/CGS complex. Binding to human LH/CG receptor (panel A) was measured in human
embryonic kidney 293 cells expressing the recombinant receptor. Displacement cut®$€16G at each volume of unlabeled ligand is
expressed as the percentage of maximal binding of the tracer (see Methods). Heterodimeric hCG was used as standard. Signal trnasduction
of the ligands was assayed in 293 cells expressing the receptor and cAMP production was determined by RIA (panel B). Heterodimeric
hCG was used as standard. The data are presented as thetnseBnof a representative experiment from three experiments with similar
results.

CG/LH bioactivity is presumptive evidence that thsubunit the FSHB monomeric subunit do not significantly bind to

in the FBa single chain forms a biologically active complex the FSH receptor. The sample also displayed lutropic acitvity

with the CG3 subunit. (data not shown). As discussed above, it is difficult to link
Gain of function in the ternary complex based on the the LH/CG activity to the CBo/FSH3 complex, because

incoming subunit was also detected when the pituitary of the presence of uncombined bioactive tethered hCG in

derived FSH subunit combined with tethered CG. Condition the sample. The results suggest that various gonadotropin

media from CHO cells coexpressing the giGsingle chain complexes can bind to and activate the receptor, implying

and FSH monomer was examined for receptor binding/ that despite the evolutionary pairing of heterodimeric ligand/

signal transduction using transfected CHO cells expressingreceptor 81), a triple domain gonadotropin is functional.

FSH or LH/CG human receptor. High-affinity binding to the

FSH receptor (Figure 6, panel A) and cAMP accumulation DISCUSSION

(Figure 6, panel B) similar to the activity of recombinant

FSH were observed. The follitropic activity is generated by ~ That the complexes generated between a monongeric

CGpa/FSH3 complex, because both the tethered hCG and subunit and the single chain resembles the subunit association
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Together with our previous results describing the bioactivity
of various disulfide bond hCG mutantsg 17), we suggest
that flexibility exists in both the ligand and receptor to
establish a functional unit.

The assembly of the glycoprotein hormone subunits occurs
in the endoplasmic reticulun8®, 33). In the pituitary, LH
and FSH are synthesized in the same cell and are packaged
in secretory granules after exiting the ER. CHO cells lack a
regulated secretory pathway, i.e., they secrete proteins
constitutively. Although we cannot exclude that gonadotrope-
specific sorting and packaging may stablize the nadile
interactions, the efficiency of assembly of the common
subunit with LH3, CGB, or FSH3 subunits is the same in

20

CHO cells and cell lines containing a regulated pathvaay (
35). Moreover, the ability to form a monomeric tether
complexes is not restricted to @Gubunit and the LB

B.  Signal transduction subunit combines with fo to form the Ba/LHB complex

80 (data not shown).

At least two models can explain the interaction of the three
domains in the complex (e.g.B/CGS, CGBo/FSH3, or
FBa/LHS. (A) The o subunit in the single chain can form a
native heterodimeric interface with a singlanonomer. In
this model, an additiong subunit could displace or prevent
the interaction between the tetheredand f domain. (B)
The o subunit can share itself simultaneously with bgth
subunits through different contact sites. This predicts that
such individual molecules will display dual activity rather
than only single phenotype as expected from model A. The
absence of both CG and FSH dimer specific epitopes (see
Figure 4) in either the fo/ CGS or CG3a/ FSH3 complexes
supports the suggestion that the interactions between/ach
subunit and thex domain in the single chain are reversible

B 1 10 100 1000 10000

—{— FSH
601 —~— CGBo
—— CGPa + FSHP (CGPa/FSHP)

40

20

cAMP production (pmol/ml}

Aty
1 1' 10 100 1000
Ligand (m!U/ml)

10000

FIGL(JjRE 6: FhSH activity of media containling Qfe/FSH3 comé)lex.
Binding to human FSH receptor (panel A) was measured in CHO . i .
cells stgably expressing the ré)com(t?inant re)ceptor (see Experimentaf”lnd are mutually excluswe_(model A). Th's_’ implies that
Procedures). Signal transduction of the ligands was assayed byalthough the tethered domain is covalently linked to the
measuring cAMP production (panel B). Heterodimeric FSH was FSHS domain, Ba is not committed to establish only a
used as standard. The data are presented as thedm8ak. of a follitropic phenotype (i.e., FSH dimer specific epitopes and
representative experiment from two experiments with similar results. bioactivity), but that it can form a heterodimeric-like interface
with the incoming C@ subunit, resulting in lutropic activity.
seen in the native heterodimer is suggested by the follow- However, we cannot exclude that binding of thessibunit
ing: (@) the interaction is noncovalent; (b) it occurs intra- masks, but does not abolish FSH conformational sensitive
cellularly rather than generated by nonspecific interactions epitopes. In such a case, thesubunit could still maintain
after secretion of the individual components; (c) it can be a functional dual relationship with the tw®domains.
detected by dimer-specific monoclonal antibodies; (d) the  That an incoming subunit can combine with a single chain
complex binds to the receptor corresponding todlseibunit gonadotropin is consistent with the modest affinity between
that combines with the single chain. Given the increased sizethe subunits of the heterodimer as suggested by Wu et al.
of the triple domain structure, it was surprising that the (9). We propose that the nascent heterodimer can dissociate
complexes were biologically active. Although determinants and the released monomeric subunits undergo another
from botho and S subunits are critical for bioactivity, our  subsequent assembly cycle. Alternatively, an inconfing
previous studies suggested that ligands with apparentlysubunit may engage thesubunit in the partially assembled
different conformations can bind to the receptts, (16, 17). heterodimer, resulting in a tri-subunit intermediate (e.g.,
The high-affinity binding of the triple domain complex o/CGp/a, CGBlo/CGB, or LHS/a/FSH3) prior to the forma-
supports this hypothesis. The extracellular domain of the tion of mature hormone. This proposed model is especially
gonadotropin receptors is very large as compared to otherrelevant to FSH/LH, because both are synthesized in the
serpentine receptors, but the significance of this unique pituitary gonadotropes and several sequences in the common
feature is unknown. Several models were developed for thea subunit required for association with the differefit
gonadotropin/receptor interaction, and they predict precise subunits are not the sam@, (3). The absence of stable
alignment of the heterodimeric ligand and receptor. Becausetrimeric, dually active gonadotropins ensure the coordinate
the receptor productively interacts with a three subunit events of endocrine homeostasis by the circulating mono-
domain gonadotropin, this suggests it can tolerate a muchfunctional heterodimers. This implies that based on the
larger ligand. It is not clear if the size of the receptor “pocket” physiological demand complexed subunits could dissociate
is sufficient to accommodate the triple domain gonadotropin rapidly in the ER to bias gonadotropin secretion either toward
or the ligand for the most part is outside the binding site. LH or FSH during the reproductive cycle.
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