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INTRODUCTION 

A. STATEMENT OF THE PROBLEM 

The languages used for intracellular communication are essentially all 

chemical and it is undoubtedly the great diversification and sophistica-

_tion of this type of signal that characterizes internal biological con

trol. The first step iD polypeptide hormone action, i.e., the binding of 

the hormones with target cells, can primarily be considered as a represen

tative class of recogn'itive interactions between a cell and the regula

tory events to be f6llowed thereafter~ ·Thus, hormone generally functions 

by transmitting _information which· leads to a triggering of cell-specific 

activities and to the control of biological processes; the role of a 

11 first messenger11 is fulfilled by virtue .~f being specifically recog-nized 

by its target organs and distinguished from other compounds. The specifi

city of the cellular response to a given hormone is derived from the 

interaction of the hormone with a macromolecule which is located on· the 

cellular membrane and is linked to subsequent metabolic events. The 

recognitive entity is generally referred to as a receptor. (Bradshaw and 

Frazier, 1977). Most of the actions of protein hormones, as well as of 

the many biogenic amines, are initiated via interaction of the ligand with 

a membrane-bound receptor leading to the activation of a hormone-specific 

adenylate cyclase molecule, and to the formation of cAMP (Robi.son et ~' 

1971). In the case of gonadotropins, the following scheme has been gen-

-erally accepted to represent their mechanism of action: (1) interaction 

of the hormone with plasma membrane receptor(s), (2) stimulation of 

hormone-specific adenylate cyclase, (3) stimulation of protein kinase, 

and (4) stimulation of protein synthesis and steroidogenesis. The chem-

1 
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ical nature of the steroid secreted, however, varies and depends upon the 

' cell type stimulated. For example, the LH bound to t~e granulosa cell 

from large follicles induces changes in the cell so that there is an ele

vation in progestin secretion, while in testes, ·the same hormone causes 

the production of testosterone by Leydig cells ~Sandler and Hall, 1966; 

~~urad et ~, 1969; Dufau et ~, 1973; Catt and Dufau, 1976; Saxena and 

Rathnam, 1976 ),. 

It has been demonstrated that the binding of the gonadotropin hormone to 

its particulate receptors occurs with high specificity and affinity (Catt 

et ~' 1972; rv1eans, 1973; Catt and Dufau, l973a; Shalla and Reichert, 

l974a)~ The affinity values of the hormone were consistent with the low 

levels of circulating hormones that produce~ vivo effects. However, 

very little is known about the molecular details of this interaction. It 

is generally assumed that gonadotropin binding to particulate receptors 

occurs via a simple bimolecular reaction: Hormone + receptor-:; hormone 

receptor complex. According to this scheme, a hormone reversibly occu~ 

pies its receptor site on the target cell membrane and initiates a chain 

of reactions which culminate in an appropriate biological response. The 

affinity of the hormone for the receptor is believed to be a constant 

value. This model seems to provide a. satisfactory explanation for the· 

decreased binding of 1 abe 1 ed hormone by t'he ti ssu·e in the presence of 

increasing concentrations of unlabeled hormone in vitro. However, in 

depth examination of the gonadotropic binding mechanism, using graphical 

methods other than competitive inhibition plots, has seldom been under

taken although it has been frequently discussed (Catt and Dufau, l9?'3a; 

Bha 11 a and Rei chert, 197 4a; . Haour and Saxena, 197'4; Ka t.e 1 s l eger et .9_1 , 1975) . 



Recently several reports have been published which disagree with the bi

molecular model proposed for biDding reactions. For example, De Meyts et 

al., (1976) suggested negative c·ooperativity for-insulin and its receptor. 

Hsueh et ~ (1976) have· proposed that negative regulation of LH receptors 

by exogenous gonadotropin 1 eve 1 s occurs in a manner ana 1 ogous to the 

hormone-dependent regulation of insulin and growth hormone receptors 

(Lesniak et ~, 1973; Gavin et ~' 1975). Chen and Payne (1977) have 

suggested a loss of receptor sites associated with the hormone-receptor inter

action with membrane in vitro. On the other hand, Shalla et ~' have 

demonstrated that high affinity binding sites (soluble factors) could be 

recovered in the membrane supernatants (1976, 1977; 1978) and that an 

inverse relationship seemed to exist between the binding of hormone and 

the dissociation of the hormone-binding factors from the ti$sue. This 

last finding raises a very interesting working hypothesis: if dissocia

tion of the receptors from the membrane were a prerequisite for activa-

tion of adenylate cyclase by the hormone, then lmiJ concentrations of ho-r

mone should stimulate the enzyme while high -concentrations should desen

sitize it. This particular correlation has been observed by some investi

gators (Lamprech et al., 1973; Marsh et ~' 1973) and by a few in the 

area of gonadotropin binding (Conti et ~, 1976; Hsueh et ~' 1977)'. If 

indeed such a mechanism exists, the bindtng data should not fit into the 

generally accepted bimolecular model of the binding reaction ·and should 

reveal altered hormone affinity for its particulate receptors as a func

tion of receptor concentration (Rojas and Bhalla, 1976, 1979b; Rojas-et 

~, 1977; Shall a et ~' 1978, l979a; Cheri et ~' 1979). 
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Other investigators have alsci indicated certain reservations about some 

of the assumptions related to a simple bimolecular mechanism for hormone 

binding; true reversibility would not seem to be a necessary condition 

due to the degradation of either hormone or hormone-receptor complex dur

ing -~he course of 1r!_ vitro studies (Pohl et ~' 1971; Freychet et al., 

1972). Also, it is possible that not all the binding sites may be ex

posed to medium in a uniform way (Roth, 1973). Consequently, the affin

ity constant values and the number of binding sites (Bmax·values) calcu

lated by assuming a simple bimolecular reaction, may not be valid. Thus, 

it is evident that many impoitant questions regarding the molecular mech~ 

anism of hormone-receptor interactions remain unanswered, and additional 

studies are needed to establish the mechanism and the precis~ nature of 

interaction bet\~een hormone and particulate receptor sites. One of the 

objectives of this study has been to gain deeper in~ight into the mecha

nism of gonadotropin-receptor interactions. The binding of biologically 

active 125J-human choriogonadotropin (125J-labeled hCG), 1251-human lutro

pin (125J-labeled hLH) and 125J-human follitropin (12 51-labeled hFSH) to 

rat testicular receptors in the presence of increasing concentrations of 

corresponding unlabeled hormone at several particulate receptor concen

trations was carried out. The results were analyzed a~ 1/bound l25J~ 
.. 

labeled hormone vers_us l/total receptor concentrations (avidity plots), 

and as 1/bound versus 1/free hormone (affinity plots) at different recep-· 

tor concentrations, and by Hofstee and Hill plots as well as by several 

secondary replots. The analysis of the data contradicted the bimolecular 

model for the reaction due to hormone occupancy- of the binding sites and 

suggested that receptor dissociation or loss may be related to the bind-

ing mechanism. 
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Hormone interaction with the testis leads to the production of cAMP 

(Sandler et ~' 1966; Murad et ~' 1969; Dufau et ~' 1971, 1973; Catt 

et ~, l973a), and there is a VJidespread acceptance of a coupled rela

tionship between gonadotropin receptors and LH/hCG-stimulable adenylate 

cyclase activity in the rat testicular membrane. In spite of thi'.s close 

correlation, however, discrepancies continue to appear in the literature 

regarding the relationship between the gonadotropin binding site and the 

production of ·cAMP, as well as the stimulation of steroidogenesis (Moyle 

and Ramachandran, 197 3; Catt and Dufau, l973b; Koch et ~' 197 4; r~endel

son et ~' 1975; Clark and Menon, 1976). Recently it has been shown that 

the f1Umber of testicular LH/hCG receptors decreases after in_ vivo and in_ 

vitro ~xposure to LH or hCG (Hsueh et ~' 1976, 1977; Sh?rpe, 1976; Haour 

and Saez, 1977; Chen and Payne, 1977; Purvis et ~' 1977; Huhtaniemi et 

~' 1979; Gnanaprakasam et ~' 1979; and Shalla et ~' 1979b). The 

autoregulation of LH/hCG- receptors is also accompanied by a decrease-in 

the testicular capacity to secrete testosterone (Hsueh et ~' 1977 and 

Sharpe, 1977). This_phenonienon, referred to as down-regulation, is -be

lieved to be one. of the major mechanisms for desensitizati_on of the target 

cells; it provides exquisite sensitivity to the target cell for response 

to hormone concentration in cir_culation (Sharpe, 1976, 1977; Haour and 

Saez, 1977; Purvis et ~, 1977; Chen and Payne, 1977; Huhtaniemi et ~' 

1978). 

However, most of the studies do not clearly distinguish 'between the mech-

anism of down-regulation, desensitization, and the effects of hormone- · 
-

-receptor interactions on those events. Although these findings suggest 
\ 

thct the testis is capable of regulating its sensitivity and- responsive-
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ness to LH/hCG-stimulation, whether these changes are induced by hormone 

occupancy of receptor sites, or result from receptor loss and cessation 

of receptor synthesis, has not yet been established. Furthermore, wheth

er the stimulation of cAMP production in target tissue is affected by 

specific fluctuations in the levels of high affinity binding sites or 

receptors, also remains to be determined. 

Ethanol, in many ways, mimicks the action of gonadotropins in depleting 

the receptor sites in the rat testis (Bhalla, 1977, 1978). Addition of 

aqueous ethanol (5 to 10%, v/v) to rat testicular homogenate .i!!_ vitro has 

been shown to result in loss of LH/hCG specific binding sites (Bhalla and 

Reichert, 1974b; Bhalla et ~, 197.6; Bhalla, 1977, 1978). Recently it 

has been demonstrated that gonadotropin binding to particulate receptors 

proceeds via a mechanism of receptor loss rather than receptor occupancy 

(Rojas et ~, 1977; Bhalla, 1978, 1979; Bhalla et ~, 1977, 1978; Chen 

et ~' 1979) .. Since one of the most important functional criteria for a 

hormone receptor is the correlation of biriding sites with a target-cell 

response, another objective of this project wa~ to correlate the number 

of gonadotropin binding sites on intact testis with the quantity of cAMP 

produced following .i!!_ vivo hCG as well as aqueous ethanol administration. 

In this regard, it was found that the hormone-, or ethanol-induced de-· 

crease in high affinity receptor concentration (as measured by ~vitro 

binding assays ~arried out at steady state) was related to a decrease in 

the cAMP level in intact rat testis, and replenishment of receptor site 

concentrations was correlated with an increase in the cAMP level. These 

findings indicate that a direct relationship exists 'between receptor site 

concentration and physiologic response (Rojas and Bhalla, l979a) and that 

the effect of ethanol is comparable to that of hormone. 
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Bhalla and collaborators have also demonstrated that the ethanol-induced 

loss of gonadotropin binding sites in the testicular homogenate could be 

qualitatively correlated with the appearance of high-affinity gonadotropin

binding factors in the supernatant (soluble factors) and that these fac-

tors were released continuously by the homogenate when exposed to buffer 

as well as to dilute ethanol (Bhalla, 1978, 1979; Bhalla et ~, 1976, 

1977, 1978, 1979a, b). In order to investigate the appearance of the sol

uble factors into the medium and its effect upon gonadotropin-stimulable 

adenylate cyclase activity, perifusion studies were undertaken. Intact 
j 

testes were perifused under controlled conditions for up to 3~ hours. It 

was observed that a decrease in solubl~ factor content in the eluate col-

lected in the first hour and around the third hour of perifusion was di

rectly associated with the disappearance of high affinity binding sites 

in the testis and was further correlated with diminished hLH-stim~lable 

adenylate cyclase activity in rat testis. These results tend to support 

the concept that soluble facto~s could represent a part of the true phy

siological receptors 1 of gonadotropic hormones (Chen ,et ~, 1979). 

1The "receptor", according to its bifunctional definition, and as tradi
tionally conceived, possesses the capacity to bind hormones with high a.f
fini ty and specificity 'as well as the capacity to activat.e ceilular proc
esses (Robison et al., 1971; Birnbaunier et al.; 1974). Physiologic recep
tors, therefore-,-are composed of at least two subunits: one that binds 
the hormone, which can be referred to as the regulatory subunit; and the 
other, the catalytic subunit, generally known as the adenylate cyclase, 
that executes the command given by the binding proce·ss generating the 
ligand's primary effect. Many investigators, however, have considered the 
binding component as the receptor itself. If the hormone binding reac
tion is unequivocally established to be through receptor dissociation rath
er than through receptor occupancy, the binding component may eventually 
prove to be the regulatory subunit of physiologic receptor, according to 
the classical definition, and receptor itself according to the definition. 
used by some investigators. The term "receptor" in this thesis refers to 
the binding component of the physiologic receptor, and the appearance or 
disappearance of this component from the tissue implies its synthesis and 
loss, respectively. 



8 

The demonstration of a qualitative correlation betw.een the quantity of 

receptor sites in the intact rat testis and the quantity of cAr~P produced, 

required a specific and sensitive radioimmunoassay of cA~1P beyond the 

level described by Steiner et ~ (1972). This objective was attained by 

the dev~lopment of a modified radioimmunoassay for cAMP using purified 

125!-labeled succinyl adenosine 3', 51 -cyclic monopho~phoric tyrosyl methyl 

ester (125!-labeled ScAMP-TME) (Rojas and Bhalla, 1979a). After the ini-

tial purification of the tracer· by Sephadex G-10 chromatography, 12 5I-

l abe 1 ed ScA~1P-TME was further purified by Inverted Dry Co 1 umn Chroma to

graphy (IDCC) on sili-ca gel (Shalla et ~' 1967). -·The purified labeled 

antigen was found to be stable for more than two months and its use with 

radioimmunoassay resulted in the development of a specific and more ssnsi

tive assay for cAMP (Rojas and Bhalla, 1979a). It may be emphasized that 

the antigen, prepared as described by Steiner et ~ ( 1972), \vas found to 

b~ very unstable in our hands. It deteriorated with time, causing many 

problems in the initial phase of this project. These problems were cir

cumvented by the introduction of Inverted Dry Column Chromatography as 

described (vide infra). 

Since the antibody used to determine cAMP in unknown samples by the des

cribed radioimmunoassay was raised against the succinylated form of cAMP 

(ScAMP) covalently coupled to a carrier protein, and the radioiodinated · 

ligand consisted of 12 5I-labeled-ScA~1P-TME (Steiner et ~' 1972), it vJas 

pertinent to investigate the specificity of structurally-related compounds 

such as ScAMP-TME, ScA~1P and cA~·1P in the cAr~P radioimmunoassay. The 

experimental data supported the conclusion that ScAMP was most potent, 

followed by ScAMP-TME and cAMP in decreasing order. The mechanism of cAMP 



interaction with antibody appears to follow a scheme similar to that of 

hormone~particulate receptors. The analysis of our data showed that th~ 

antigen might not be associated ~lith antibody occupancy; a dissociation 
I 

model proposed by -Boeynaems and Dumont (1975; see also Shalla 1978b; 

9 

Bha 11 a et ~, 197 9a) was favored as a preliminary hypothesis. In order 

to further verify the validity of such hypothesis, other experimental 

approaches were undertaken. Binding experiments at steady state were per

formed usi_ng 3H-cAMP and cAMP-dependent protein kinase. This model is 

kno\tm to proceed via dissociation (Krebs, 1972; Walsh and Ashby, 1973; 

Swillens et ~, 1974; Beavo et ~' 1975): cAr1P + R-C-:: cAr~P- R + C2 , 

where 11 R11 represents the r_egulatory subunit of the enzyme and 11 C11
, the 

catalytic subunit. 

The studie~ essenti~lly focused on the development of a binding assay us- . 

ing a cA~1P- dependent protein kinase and on the execution ·of those experi

ments performed with gonadotropin-partic~late receptors and cAMP-antibody 

interactions (vide supra). The purpose of these exper'iments was to study 

the applica~i6~ of an equilibrium binding model to a reaction scheme known 

to follow the dissociation model. the results unequivocally supported our 

previous interpretations that the--binding of gonadotropin indeed followed 
? 

the dissociation model rather than the occupancy model. In addition, we 

noted profound effects of dilution upon the basal dissociation of protein 

kinase. 

2Compare this scheme to the proposed model of gonadotropin binding: gonad
otropin+ RC (physiologic receptor complex) +gonadotropin +·R (receptor 
or factor)+ C (adenylate cyclase). For physiologic receptor, "R" stands 
for the hormone -binding receptor or factor and "C", the adenylate cyclase 
which is considered to be the catalytic component of the receptor. 
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In summary, the objectives of the present thesis are as follow: (1) in-

depth analysis of the gonadotropin binding mechanism; (2) development of 

a more sensitive and stable radioimmunoassay of cAMP to quantify cAMP 

levels in unknown samples; (3) investigation of a qualitative relation-

ship between gonadotropin binding sites and cAMP production in rat testes; 

and finally, (4) the execution of some novel experiments with cAMP-cAMP

dependent protein kinase to prove the theoretical p~edictions derived 

from hypntheses postulated for hormone-receptor interactions. 

B. REVIEW OF THE RELATED LITERATURE 

1 . Po lypept.i de hormone receptors 

Although the concept that certain drugs ~nd hormones act by combining 

with specific receptor molecules was first advanced by the work of 

J.N. Langley and P. Ehrlich in 1878 anq 1909, respectively (for review 

see Cuatrecasas and Hollenb~rg, 1976), experimental detection of the 

receptors was long thwarted by the lack of suitable experimental meth

ods, and only bec~me;possible once hormones-could be 'labeled with. 

highly specific radioactivity. In -the early 1960's, Jensen et ai. 

(1962) used tritium-labeled estradiol to characterize the first cyto

plasmic horm,one receptor. A few years later, Cuatrecasas (1969), 

Lefkowitz et .:!L_ .(1970) and Goodfr~end and Lin (i969) were able to 

detect the firs~ membrane-bound receptors usirig ACTH, insulin, and 

angiotensin, respectively, labeled with radioactive iodine. Specific 

receptors were subsequently reported for all hormones, and concepts 

were formulated for hormone-receptor binding and its significance in 

hormonal action. The technical achievements which enabled the direct 

study of polypeptide hormone-receptor interactions wer~~ predominantly, 
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the development of methods for the separation and characterization of 

cellu1ar components, the preparation of -highly purified polypeptide 

hormones, and the availability of a simple procedure for producing 
' ' 

radioiodinated hormones 'of high specific activity (Hunter and Green-

wood, 1962). 

Virtually all peptide hormones and a number of transmitter molecules 

appear to exert their initial action upon the cell surface, rather 

than afte~ entering the cell as in the case of steroid and thyroid 

hormonE:s. The way in ~'lhich the c.ell membrane performs its function 

of signa 1 i ng is not unders too"d and represents one of the great cha 11 enges 

of present-day biology. Control of cellular activity by specific_bio-

regulators interacting with the cell surface may be considered to 

.operate in a series of steps. The _first step is the binding of the 

hormone to the specific receptor or receptor-effector complex in the 

membrane. In the second step, there may be either a coupling of the 

hormone-receptor complex tb·one or more membrane effectors which tran~ 

late the hormonal message or, alternatively, the receptor itself may 

undergo some secondary changes to produce a second message. The third 

step is the activation of the membrane effector whether it is an en-

~yme, transport protein, ionophore, etc. It is this step which pos

sibly produces a second messenger(s) that leads to an array of bio

chemical and biological effects associated with a particu.lar hormone 

(for review see Robison et ~' 1971; Cuatrecasas and Hollenberg, 

1976; Triggle, 1978; Hechter, 1978). 

The cell membrane was first proposed as a site of action for peptide 

hormones by Sutherland's group (Haynes et ~' 1960) based upon the 



observation that the interaction of catecholamines with plasma mem

brane of pigeon erythrocyte's leads to the activation of adenylate 

cyclase. Since then, the majority of peptide hormones have been 
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sho~tm to bind to plasma membrane receptors and to influence membrane

associated activities such as adenylate cyclase and ion transport. 

Further evidence for the surface location of the peptide hormone re-

ceptor vJas provided by the finding that brief exposure of ·target tis

sue to hormone was followed by a prolonged ··biochemical response, 

attributable to bound hormone, and that addition· of specific ~nti

serum would rapidly terminate the action of peptide hormones in vitro 

(Pastan et.~, 1966). Hormonal stimulation,of adenylate cyclase was 

also widely observed in plasma membranes from broken cells; in addi-

ti on, enzymes modifying membrane proteins and 1 i pi d vJere found to 

abolish the hormona·l responsiveness of adenylate cyclase (Pohl et ~, 

1971). The_surface localization of polypeptide hormone receptors has 

primarily been demonstrated by the ability of hormone derivatives to 

elicit biological response when covalently coupled to insoluble macro

molecular carriers .(Cuatrecasas, 1969; Jarret .and Smith, 1974), and by 

the radioautograph1c studies after ~vivo administration of 125 I

labeled hormone; th~ ra.dioactivity is generally associated v1ith the 

plasma membrane of appropriate target tissues (Han et ~, 1974). 

However, the most compelling evidence for the location of peptide 

hormone receptors in the plasma membrane has been derived from direct 

binding studies with membrane preparations or ·intact cells and radio

active, biologically active hormones. Such studies permit accurate 

determination of the binding characteristics and hormonal specificity 

of the cellular receptor-sites, and their functional relationships to 

target-cell responses. 
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A variety of mathematical methods has ~een applied to the analysis of 

the binding reaction in an attempt to derive affinity cohstants for 

the hormone receptor interaction (for review see Rodbard, 1973; Birn

baumer et ~' 1974). In most of these analyses, the hormone-receptor 

interaction is depicted as a simple reversible bimolecular equilibrium 

state, (H) + (R) ! (HR) and K = ( ~HR) , where (H) is the concentra-
-~ ( R) 

tion of free hormone~ (R) is the concentration of unoccupied receptors, 

(HR) is the concentration of hormone-receptor complexes and K is the 

affinity or equilibrium associqtion constant for the reaction. 

In the ~ase of a single indeperident and noh-interacting class of bind

ing sites, estimations of the equilibrium constant and the total num-

ber of binding sites are obtained through·a variety of graphical meth

ods (Rodbard, 1973~ Birnbaumer -et ~, 1974). In manY cases, however, 

the reaction appears to be more complex. Several hormones have equi

librium data which suggest that there are two or more classes of bind-

ing sites which differ in affinity for the hormone. This- has been 

reported for receptors for ACTH (Lefkowitz et ~' 1971), oxytocin 

(Jard et ~, 1975), glucagon (Shlatz and Marinette, 1972), TRH (Grant 

et ~, 1973), TSH (Moore and Wolf, 1974),-insulin (Kalin, 197.4), 

acetylcholine (0 1Brian and Gibson, 1974) and catecholamines (Lefkowitz 

et ~, 1973). In these·c·ases, analysi.s of equilibrium and kinetic 

data has been more difficult. 

2. Gonadotropin receptors 

Specific gonadotropin, i.e., LH/hCG and F-SH, receptors have been 

demonstrated in homogenates and subcellular fractions of rat testis/ 

ovaryy as well a~ in the intact Leydig cells ~nd seminiferous tubules 
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(Catt et ~, 1972a; r~eans, 1973; Catt and Dufau, l973a, b; Gospodaro

wicz, 1973; Bhalla and Reichert, 1974). For localization and binding 

studies on LH receptors, labeled hCG has' been ftequently employed, 

due to greater ·availability of the placental go'nadotropin in highly 

purified form, and to its higher stability and binding activity after 

labeling with radioactive iodine. The biological properties of hCG 

appear to be almost identical to those of LH, and the tltJO glycoprotein 

hormones are considered to bind to the same receptor sites in the tes

tis and ovary (Catt and Dufau, 1977). Therefore, it has generally 

been accepted that -receptor sites i dent i fi ed by binding studies with 

labeled hCG be referred to as LH or LH/hCG receptors. 

Recent studies have shown ·that the LH receptors of the rat ·ovary are 

present in the interstitial tissue and in the theca cells of the de

veloping follicle, and that LH receptors also begin to appear in gran

ulosa cells at the time of antrum ,formation (Midgley;_l973). In addi

tion, isolated granulosa cells from large: follicles of the porcine 

ovary have been shown to bind considerably more. labeled hCG than gra~

ulosa cells from small follicles (Channing and Ka~merman, 1973; Chan

ning and Tsafriri, 1977). By contrast, LH/hCG receptor(s) in rat· 

testis ·are .confined to a single tell type, i.e., the Leydig cell (Catt 

and Dufau, 1~77~ Ross and Lipsett, 1978). It is of ihterest to note 

that the development of LH receptors in the fetal testis has been re-

ported to occur at an extremely early stage of embryonic life. Thus. 

specific aonadotrooin binding sites for LH/hCG appear in the fetal 

rabbit testis on about the 18th day of development;: -.. ·:~:ancomitant with 
'. 

the morphological and biochemical maturation of the Leydig cell (Catt 

et ~' 1975). 



Receptor sites for FSH have also been demonstrated in the testis and 

ovary (Midgley, 1973; Bhalla and Reichert, 1974a). In rat testi's, 
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FSH receptors are confined to plasma membrane fractions from the semi

niferous tubules and are probably largely concentrated upon theSertoli 

ce 11 s (Ross and Lipsett, 1978) . The binding of 1 abe 1 ed FSH to homogen

ate of immature rat testis with tubules comprised almost entirely of 

Sertol,i cel,ls, produced by irradiation during fetal life, was similar 

in magnitude to that observed in testes of normal immature rats (Means, 

1973). However, the specific binding of 12 51-labeled hFSH has been 

reported to be 1.6-fold greater in rat seminiferous tubule homogenate 

derived from testes of mature rats compared to immature (16-day old) 

rats (Bhalla and Reichert, 1974a). The. hFSH~receptor interaction was 

shown to possess a high affinity, the dissociation constant, Kd' being 

6.7 X lo- 1DM (Bhalla and Reichert, 1974a). 

The reciprocal of the affini-ty of gonadotropins for the particulate 

receptors (Kd values) is generally estimated in the range of 10-g -

·l0-1 1 moles/liter, which is consistent with the ability of the recep

tors to concentrate hormones from the peripheral circulation; the con

centrations of the go~adotropins in ci~culation ranges from lQ-9 -

10- 1 ~M (Saxena and Rathnam, 1976). The interaction of gonadotropin 

hormones with receptors has classically b~en a~sumed to be a rapid 

saturable and reversible process (for review, see Catt et ~, 1976; 

Saxena and Rathnam, 1976). However, many investigators have recently 

suggested .that the affinity constant and number of total receptor 

sites calcula~ed_may~not be the true values since the. experimental 

.conditions at steady state may not in fact represent true equilibria 
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(Pohl et ~' 1971; Freychet et ~, 1972; Roth, 1973). Another cur-

rent problem found in this area of research is the disparity of Kd 

values of gonadotropin for the receptor sites and the heterogeneity of 

receptors. Some investigators have indicated a single class of bind

ing sites (Catt et ~, 1976), while others have shown both high

affinity and low-capacity, as well as low-affinity and high-capacity 

receptor sites (Saxena and Rathnam, 1976). It has also been considered 

that in .general only 10 to 15% of the total sites may be saturated to 

invoke hormone action. The excess receptor sites have been attributed 

to masking of existing spare receptors (Catt and Dufau, 1973b; Cuatre

casas and Hollenberg, 1976; Catt,and- Dufau, 1977). However, there is 

presumptive evidence that receptor sites may have a high turnover rate 

and that de. novo receptor synthesis could be under the endocrine regu

lation (Saxena and Rathnam, 1976). Thus, important questions about 

the molecular details of the hormone-receptor interaction and of the 

synthesis of receptors need to be elucidated; 

3. Binding and hormonal responsiveness 

The understanding of events occurring subsequent to the binding of a 

hormone or a neurotransmitter to a cell-surface receptor, which even

tually lead to the activation of a _primary biochemical signal, has 

become a key pr.oblem in membrane biology. It ·is believed that the 

first step involves the binding of the hormone to a specific receptor 

and the subsequent step involves the activation of the enzyme at the 

level of the cell membrane. Hence, the activation of adenylate ·cy

clase is generally regarded as one of the early biochemical events to 

be followed by the binding of the hormone to particulate receptors. 
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However, the precise physical and functional relationships between 

hormone and receptor and adenylate cyclase in the plasma membrane have 

yet to be clarified. Therefore, the modulation of cellular response 

·after the binding of hormone remains poorly understood. (See e.g., 

Robison et ~' 19?1; Lindner et ~, 1974; Levey et ~, 1974; 

Birnbaumer et ~' 1978). 

Although there is abundant evidence that peptide hormo~es control many 

of the activities of their target cells by stimulating the produ.ction 

of cAMP (Sad 1 er et ~' 1966; Murad et ~' 1969; Dufau et ~' 1971 , 

1973; Catt and Dufau, 1973a), a consi.derable disparity between cAMP 

levels and acute metabolic responses has been reported in a number of 

hormone-responsive tissues (Beall and Sayers, 1972, vJilliam, 1972). 

In the testicular system, a dissociation between cAMP and testosterone 

production in response to LH or hCG has been observed (Catt and Dufau, 

1973b; Moyle and Ramachandran, 197~; Clark a·nd Menon; 1976). In dis

persed Leydig cells, no change in cAMP was detectable over the range 

of gonadotropin concentration which evokes a maximal steroid r~sponse 

(Catt and Dufau, l973b; ~1endelson et ~' 1975). Such dissociations 

have suggested the possibility that a,mechanism other than cAMP could 

operate to mediate hormone action on steroidogenesis particularly dur-

ing stimulation by·low concentrations of the tropic hormone. Since 

many in vivo effects of hormone cannot be reproduced in subcellular --- . . 

systems, the integrity of the intact cell membrane and organization of 

the cell itself appear vital .for a timely and orderly sequence of tar

get organ response (Saxena and.Rathnam, 1976). 
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Other investigators have suggested that adenylate cyclase activation 

is not implied in binding ~,g_ and that these two ·processes are dis

tinct, requiring, at least in some instances, different parts of the· 

polypeptide molecule. For example, synthetic analogues of ACTH which 

seem to be capable of binding to receptors are unable to activate 

adenyl ate cyclase (Finn et ~' 19.72). The studies with these ana

logues have indicated that residues 4-10 of the ACTH molecule are nec

essary for activation, whereas residues 15-18 may be required for the 

binding reaction to occur (Hofman et ~, 1974). The binding of glu

cagon and its capacity to stimulate adenylate cyclase have also been 

dissociated. Des-his glucag9n has been shown to act as a competitive 

antagonist of glucagon since it can bind and not activate the adenylate 

cyclase (Birnba.umer .§!. ~' 1974). Guanyl nucleotides can increase the· 

activation of adenylate cyclase by a given amount of glucagon while 

simultaneously decreasing the affinity of hormone-receptor interaction 

(Birnbaumer et al., 1974). Levey and his coworkers (1974) solubilized 

glucagon-responsive adenylate cyclase from cat heart and found that 

the binding of glu~agon was retained in the solubilized receptor; how

ever, the responsiveness .of the adenylate cyclase was only elicited 

when phospholipids were added (Levey et ~, 1974). Similarly, al

though gonadotropin receptors have been demonstrable in immature rat 

testes when the testicular adenylate cyclase was completely unrespon

sive to hormone, the appearance of·the receptors during maturation cor-. 

related well ~.AJith the sensitivity of the enzyme to gonadotropin (Fro

wein et ~' 1973). All these observations lead to some controversy, 

and the relationship ,between the receptor(s) and the adenylate cyclase 

remains to be determined. 
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4. Regulation of hormone receptor concentration and affinity 

A direct modulation of the hormone response, which depends on the pro

perties of the target tissue itself, probably is related to the alter-

ations in the number of the receptor sites on plasma membrane. Loss 

of tissue response to further stimulation. after prolonged exposure to 

·hormone has been widely documented for LH/hCG (Lamprecht et ~' 1973; 

Marsh et ~' 1973; Sharpe, 1976·; Conti et ~, 1976; Haour et ~, 

1977; Purvis et ~' 1977; Huhtaniemi et ~, 1978); and for catecho

lamines (Murkerjee et ~' 1975); thyrotropin releasing hormone (Hinkle 

and Tashjian, 1975); and growth hormone (Lesniak and Roth, 1976). A 

mechanism which would account for this phenomenon (also referred to as 

down-regulation or desensitization) is largely conjecture at present. 

Some of the possible mechanisms proposed are: negative cooperativity 

(De Meyts et ~' 1976) which suggests that as sites become occupied 

by hormone, the remaining unoccupied sites show a decrease in their 

affinity for the hormone; receptor loss (Sharpe, 1976; Conti et al., ---

1976; Raff, 1976; Purvis et ~' 1977); defect in receptor-cyclase 

coupling (Bockaert et ~' 1976); generation of inhibitors for adenyl

ate cyclase (Ho et ~, 1975); and increase in phosphodiesterase acti

vity (Manganiello a,nd Vaughan, 1972). _ 

Although the phenomenon of receptor loss has been demdnstrated, the 

fate of the lost receptors remains undetermined. Some of the mecha-

nisms postulated include the following: (a) release of the receptors 

from membrarie, or conformational change in the receptors rendering 

them inactive, and (b) degradation of the receptors, either at the 

level of the membrane or after internalization of the hormone-receptor 

complex (Sharpe, 1977; Catt and Dufau, 1977; Harwood et ~, 1978). 
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The phenomenon of desensitization is likely to be of a genefalized 

nature, and could account for the frequent occurrence of a hormone _ 

resistant state characterized by high circulating levels of hormones 

· and other regu 1 a tory_ 1 i gands. The exten_t to wh i.ch receptor occupancy 
. . . ' 

or receptor los~ occurs in ihdivid~al tar~ef tissues. has yet to be 

determined~ 

The converse form of receptor regulation by peptide hormone, leading 

to an increase in specific receptors, has been· observed in the prolac

tin receptors of the_· 1 i·ver (.Posnet'-', 1975) and in angiotensin II bind

ing sites in. adrenal cells (Hanger ·et ~' 1978). Also, receptor in-
c 

duction by other hormon~s has been observed during estrogen stimula-

tion of hepatic prolactin receptors (Posner, 1975), and during the .ac

tion -of FSH upon LH receptors in the granulo~a cells of the ovary 
I 

(Zeleznik et ~' 1974). Therefore, ~eceptor regulation may be b~th 

positive and negative by a hormone in the same cell: negative by de-

sensitization-loss phenomenon; positive by induction of" synthesis. 

Nevertheless, a general theory has emerged suggesting that P<?lypeptide 

hormones do play a role in regulating tissue receptor levels but the 

question of negative ·regulation by homol_ogous hormone remains_ unclari-

fied. 

5. Models of liaand~receotor interaction 

Only recently have investigators in the field become interested in the 

architectural organization of the adenylate cyclase system and its 

distributio_n on the membrane surface. 
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Little is known about t_he stoichiometry of the enzyme and its receptor, 

their organization ·within the membrane, and the mode of coupling be-

tween them .. Although hormone receptor sites appear to be physically 

.distinct from adenylate cyclase (Schulster-_g_!.£1:.., 1978), the two mol

ecules obviously possess an ihtimate functional relationship consistent 

with earlier proposals that the receptor acts as a regulatory site for 

the·adenylate cyclase complex. Such a close relationship does notre

quire that the two entities.reside in the same molecule, but suggests 

that a tightly associated receptor~cycla~e c6mplex could exist in the 

membranes of certain target cells, particularly in target cells which 

display marked temporal and quantitative correlations between the two 

activities. 

- . . 

Binding models depicting a,reaction scheme which may approximate the 

actual .1..0_ vivo interaction between hormone and its binding site have 

been elegantly reviewed by Boeynaems and Dumont (19i5) ·and_ by Tolkov

skv and Levitzkv (1978). Accordingly~ three major types of coupling 

mechanisms between the receptor and the enzyme can be considered: 

(a) The precoupled model or no dissociation model. In this model 

it is assumed that the receptor and the enzyme are tightly coupled 

to one another. A simple scheme of interaction to represent this 
Kd 

model is as follows; RE + H ~ REH, where H = hormone; R = the 

binding site; E = adenylate cyclase; Kd = equilibrium dissociation 

constant. 

The binding of the ligahd to the binding site induces a conforma

tional change which is transmitted to the adenylate cyclase to al-
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ter its activity. The transmission could involve a third element, 

t.e., the 11 transducer 11 (Robison et ~' 1971). It ·is believed 

that phospholipids may act as the transducers (Robison et ~' 

1971; Levey et~, 1974). 

(b) The dissociation model. In this model it is assumed that the 

receptor and the enzyme are precoupled but dissociate upon hormone 

binding prior to a concomitant increase in enzyme activity: RE + 

H K~ RH + E. 

This model could apply to cAMP-dependent protein kinase (Krebs, 

1972), and to one of the models prop~sed by Levey-et ~ (1974) 

based upon diss·ociation of hormone binding sites in a solubilized 

preparation of glucagon-stimulable adenylate cyclase. 

(c) The two-step model. fn this model it is assumed that there 

is no permanent coupling between binding site and adenylate cyclase: 
Kd1 

1 .... R + H. t RH 

2. 
Kd2 

RH ·+ E -+ RHE 
+ 

This type of model belongs to the class. of floating·receptor models 

in which the bindin~ site and adenylate cyclase would float freely 

and diffuse laterally i.n the membrane (Cuatrecasas and Hollenberg, 

1975). This model has been applied to cells that display gross 

morphological polarity with respect to regional localization of 

hormone receptors and adenylate cyclase. In such cases the hor

mone receptor complex, once formed, could migrate rapidly by lat

eral diffusion along the plane of the membrane and·the periphery 
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of the cell, thus reaching its site of action (Cuatrecasas and 

Hollenberg, 1975). The mobile-receptor hypothesis has also been 

applied to explain receptor aggregation or clustering at some 

points on the cell surface (Harwood et ~' 1978). The aggrega

tion is believed to serve as the trigger for formation of aves-

icle which is. subsequently internalized into the cell (Harwood et 

~' 1978). 

In addition to these models, other models can be derived by <;:onsider

ing the following criteria: (1) the existence of cooperative inter-
-

actions between binding sites, and (2) the presence or absence of mol-

ecular heterogeneity among the binding sites and/or the adenyl,ate·cy

clase molecules (Boeynaems and Dumont, 1975). 

In other models, attempts have been made to account for the functional 

complexity of the adenyl ate cyclase system, which can contain at least 

th\"ee sites at which i.ndividu~l 1 i9ands can react to modify the acti

vity of the enzyme (Insel, 1978). These ·i'nclude the h9rmone receptor 

site, the catalytic site which reacts with ATP chelated to magnesium 
. f' 

(MgATP), and a nucleotide regulatory site which reacts preferentially 

with guanyl DUcleotides. This model envisions that different confor

mations in the absente or presence of nucleotides will have different 

effects on affinity values for the' substrate thereby resulting in dif

fering degrees of activation with and without hormone (Rodbell et ~, 

J975; Insel, 1978). 

In a very recent report, Bha 11 a and coworkers ( l978a; 1979a, b) have 

proposed a new binding model. This hypothesis seriously challenges 
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the validity of the rapid equilibrium model as applied· to the inter-

. action between hLH/hCG and particulate receptors of rat testes. It is 

suggested that the reaction is irreversible and that the role of the 

hormone is to induce receptor dissociation abo~e basal levels. The 

. binding sites in particulate form were found to be unstable and dis-

sociate from the membrane as a function of time and reaction volume. 

These observations correlate with the recovery of ethanol-soluble fac

tors (Bhalla .§!__~, 1976) in homogenate supernatants suggesting that 

ethanol solubl~ factors may be a part of the physiologic receptors. 

In addition, the proposed model appears to provide good explanations 

for many controversial observations found in the literature (for de-

tails see this thesis and other references: Bhalla 1978, 1979; Shalla 

et ~, 1978, l979a, b). 

6. Antigen-antibody interaction and cAMP-dependent protein kinase 

system 

The study of other experimental. models known to follow a si~ple ·bimol

ecular reaction could provide additi6nal insight regarding the nature 

of the hormone~receptor interaction. One of these models is· the 

antigen-antibody system. In general, considering only antigen and 

specific antibody in solution, a r.eversfble.· reaction is assumed: 

Ag + Ab t AgAb. Thus, the energy of the reaction usually represented 

by the equilibrium constant K, reflects the operation of the Law of 

Mass Action, which can be represented by the equation· K = (AgAb)_., 
. (Ag) (Ab) ' · .. 

where (Ag), (Ab) and (AgAb) represent the mblar concent~ations of the 

antigen, the antibody, arid th~ antigen-antibody complex, respectively. 

Although the ~xact nature of the antigen-antibody interaction remains 
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unknown, it is generally accepted ,that the system reaches an equili

brium during the incubation phase of the assay (Feldman and Rodbard, 

1971; Ekins, 1974). These concepts have resulted in a traditional 

approach to experimental design which entails a preliminary search for 

antibodies or other' specific binding reagents displaying high reaction 

energy and synthesis of labeled markers of highest possible-specific 

activity. 

Another model to be considered is cAMP-dependent protein kinase sys

tem. Krebs (1972) has suggested that the protein kinase undergoes 

dissociation.in the presence of cAMP. It is generally believed that 

cAMP activates the enzyme through its bi~ding to a regulatory subunit 

coupled to the release of a free active catalytic subunit (Walsh and 

Ashby, 1973; Sw.illens et ~, 1974; Beavo et ~, 1975; Boeynaems and 

Dumont, 1977). The proposed mechanism for activation is usu~lly writ

ten as an equilibrium reaction including cAMP as a component: RC + 

cAMP"! R·cAMP + C. However, this overall equation does not indicate 

whether cAMP bi nd·s to the RC camp 1 ex, to dissociate C subunit, or wheth

er cA~1P binding to the R subunit has already occurred (Krebs., 1972). 

Furthermore, the precise stoichiometry of this binding is still contro

versial (Boeynaems and Dumont~ ·1977). Investigators have suggested 

that the reaction may involve more than one binding equilibrium cons

tant and complex equations may have to be derived to account for this 

mechanism of interaction (Boeynaems and Dumont, 1977; Tsuzuki and Kiger, 

1978). In addition, the~e are numerous difficulties when the analysis 

of the mode of activation of protein kinase· is based upon observations 

of the relationship between added cAMP and elicited enzyme act_ivity. 
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The enzyme activation may be considerably affected by factors such as 

Mg-ATP, substrate protein, dilution factors, or by self-p_hosphoryla

tion of the\enzyme itself (Krebs, 1972; \tJalsh and Ashby, 1973; Nimmo 

and ~ohen, 1977; Jones et ~' 1979). Hence, there remains some con

fusion in the literature regarding kinetic studies and graphical plots 

of cAMP binding data and mode of activation of protein kinase (Walsh 

and Ashby, 1973; Swillens et ~' 1974; Nimmo and Cohen, 1977; Tsuzuk1 

and Kiger, 1978; Hoppe et ~' 1978; Jones et ~' 1979). Thus,_ it 

is evident that more studies are necessary to ascertain the nature of 

the 11 binding model 11 of this enzyme. 



A. ~1ATERIALS 

l. Animals 

MATERIALS AND METHODS 

Mature male rats (200 to.300.g) of the Sprague-Dawley strain were 

utilized. The ·rats were sacrificed by dry-ice asphyxiation immedi

ately prior to use. 

2. Hormones Used 

Highly purified hCG (CR 119) was prepared by Dr. R.E. Canfield of 

Columbia University, New· York. The biologic activity of this pre

paration was determined by Dr. Griff T. Ross, the National Institute 

of Child Health and Human Developm.ent at National Institute of Health. 

The biological activity vJas 11600 IU/mg and the hormone v1as supplied 

through the National Institute of Arthritis,. Metabolic and Digestive 

Diseases and the Center for Pbpulation Research, National Institute· 

of Child Health and Human Development~ National Institute of Health, 

Bethesda, Maryland. Highly purified hFSH (LER 1575-C) and hLH (LER 

960) were prepared by Dr. Leo E. Reichert of Emory University, 

Atlanta, Georgia. The hLH preparation had an LH activity of 4680 

IU/mg and an FSH activity of 1.9 IU/mg. These hormones were suppl.ied 

by National Institute of Child Health and Human Development, National 

Institute of Health, Bethesd·a, Maryland. 

3. Chemicals 

Chloramine T was purchased from Eastman Kodak, magnesium chloride and 

sodium metabisulfite from Mallinckrodt, sucrose from Fisher Scientific 

Company, bovine serum albumin and egg albumin (tyJice crystallized) 

27 
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from Schwarz-Mann, and carrier free Na 125I from Amersham Searle Cor-

poration. Goat anti-cyclic adenosine-3', 5'-monophosphate antiserum 
\ 

was obtained from Research Products International Corporation (Lot No. 

158162). Rabbit gamma globulin wer~ purchased.from Miles Laboratories, 

Inc. 02, -Monosuccinyl adenosine 3', 5'-cyclic monophosphoric tyrosyl 

methyl ester (ScAMP-T~1E), cAMP, theophylline, 3- isobutyl- 1-methyl xan-
' 

thine (MIX}, GTP, cGMP, AMP, ADP, ATP, 2', 3'-c~MP were purchased from 
) 

Sigma Chemical Company. Radioimmunoassay Kit for cAMP was purchase~ 

from Schwarz-Mann .. Silica- Ge-l H (Type 60) and pre-coated TLC plates 

(10 X 20) em were obtained from Brihkman Instruments, Inc~ _Glacial 

acetic ·acid and butanol were obtained from Fisher Scientific Company. 

· [ 3H-8J 3' ,_5'-cyclic AMP (specific activity of 20 Ci/mmole) was pur

chased from Schwarz-Mann, and protein kinase inhibitor and protein 

kinase (Type .!-holoenzyme, according to ~Jalsh and coworkers--Traugh, 

et ~, 197 4) , both from beef heart, v1ere obtai ned from Sigma Chemical 

Company. 2, 5-d i phenyl oxazo 1 e ( PPO) , 1 , 4-Bi s ( 2- ( 5- Phenyl oxazo lyl ) ) 

Benzene (POPOP) and ethylene glycol monomethyl ether (methyl cello

solve) were obtained from Fi~her Scientific Company. 

B. ~1ETHODS 

l. Preparation of 12 5I-labeled hormone 

a. 125I-labeled hCG: Iodination of hCG was carried out by the 

chloramine T method (Greenwood et ~, 1963), modified to allow 

the retention of biologic activity (Bhallaand Reichert, 1974b;: 

Shalla et ~' 1~76). The hormone/chloramine T ratio was 1 :48; 

based upon the molecular weights of 33000 and 280 respectively. 

Separation of labeled hCG from other reagents was obtained by gel 
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filtration through .Sephadex G-lOOo· The specific activity and the 

recovery of the labeled hormone were calculated using ·the method 

described by Greenwood et ~' (1963). The specific activity of 

1251-hCG was 18-20~Ci/~g. The label~d hCG was diluted to a final 

concentration of 1.5 X 10- 13 m~les (5 ng) of hCG per 50 ~1 in 0.01 

M phosphate buffer (pH 7.5) containing 5mM MgCl2_, 0.1 M sucrose 

and 0.1 % (w/v) egg albumin (henceforth referred to ·as the egg 

albumin-phosphate buffer) and sto~ed frozen in several vials. 

b. 125I-labeled ·hFSH and 125!-labeled hLH. The procedure for 

iodination of highly purified hFSH (LER 1575-C) has been described 

in detail earlier (Shalla and- Reichert, l974a; 1974b). The hor

mone to chloramine T ratio was 1:15.7 based upon molecular· 

weights of 33000 and 280 respectively. Iodination of hLH was 

performed under the conditions described for hCG. In both of 

these cases, after filtration through Sephadex G-100, the speci

fic activities of hFSH and LH were calculated to be 18 to 22 ~Ci 

per ~g and 15 to 16 ~Ci per ~g, respectively. 

2. Preparation of 360 X ~pellet 

Testes from male rats wer~ removed, decapsulated and suspended in egg 

albumin-phosphate buffer in a ·ratlcr of 2 ml buffer. per gram of tissue. 

The testes were homogenized in a Teflon pestle tissue grinder (Arthur 
I 

L. Thomas, Philadelphia, PA) and filtered thiough a single layer of 

cheesecloth. The filtrate was centrifuged at 360 X g fa~ ten minutes 

at 4°C, and the supernatant was discarded. The pellet was recentri

fuged at 20,000 X g for ten minutes at 4°C to expel excess buffer. 

The compact pellet was then weighed on a Mettler analytical balance 
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and resuspended in fresh egg albumin-phosphate buffer to a final con

centration of 1 g pellet per 10 ml buffer. Unle.ss otherwise indi~ 

cated, all-subsequent binding studi~s ~ere performed using this tis-

sue suspension which will be referred-to as particulate receptor pre-

paration or homogenate. 

3. Binding studies with 12 51-labeled hCG 

Binding studies were performed using 5, 10, or 20 ng of 1251-hCG 

(5ng/50ul) and 2 through 70 mg homogenate in the absence and presence 

of 1, 5, 10, 50 and 100 ng of un1abeled hCG. Egg albumin-phosphate 

buffer was used to bring the reaction volume up to 1.0 ml~ The reac-, 

tants were added in the following order: egg albumin-phosphate buf

fer, 1251-hCG, unlabeled hCG and homogenate. The reaction mixture 

was gently mixed after the addition of all the reactants and then 

incubated at 37°C for .three hours in a metabolic shaking water bath 

(New Brunswick Scientific, New Brunswick, N.J.) set at 30 oscilla

tions per minute to ensure equilibrium. At the end of the incubation 

peri ad," the tubes were centrifuged at 1500 X g for ten minutes at 4°C. 

The supernatant containing free hormone was decanted. The lower por

tion of the plastic tube,'containing the homogenate pellet, was 

sliced off with a heated wire, dropped into a scintillation vial, and 

counted in a Beckman· Gamma 310 Counter (Beckman Instruments, Palo 

Alto, CA.). For each set of experiments there were tubes which con

tained nothing but 12 51-hCG in the quantity used in that particular 

study C'tot~l count11 tubes) and tubes which contained all reactant's 

except homogenate (' 1 blank 11 tubes). The 11 total count .. tubes yield CPM 

per ng 12 51-hCG, a value needed to convert binding data from units of 
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rad'i oacti vi ty to ng. The 11 blank 11 tubes were treated in the same man

ner as the assay tubes, and the radioactivity value associated with 

them was subtracted from those of the assay tubes to yield radioacti

vity due to binding by homogenate alone. The data were also analyzed 

by subtraction of non-specific binding according to the·method des

cribed previously (Shalla and Reichert, 1974a; 1974b). 

In studi~s concerning the relationship between gonadotropin binding 

'and cAMP production and the effect of reaction volume upon binding 

reaction, assays were carried out ~ccording to conditions described 

elsewhere (Shalla, 1978; Gnanaprakasam et ~' 1979). Twenty mg of 

homogenate were incubated with 125!-labeled hLH (2.5 ng) in the absence 

and presence of a wide range of unlabeled homologous hormones, gener

ally, 0, l, 1.5,. 2, 2.5, 3, 3.5, 5, 10, 15,.20, 25, 50, 75~ 100 and 1000 

ng in a final volume of 250 ~1. Incubation was for one hour at 37°C. 

The experimental data were then analyzed as described above. When the 

carrel ati on between bi·ndi ng and cAr~1P production was studied, the appar-

_ent Bmax values reported were calculated frnm the linear regression 

analysis performed on the lines obtained from Scatchard plots. 

4. Binding assays of 125!-labeled hFSH and 125I-la~eled hLH 

Binding studies with labeled hFSH and labeled hLH were performed un

der the conditions described for hCG, except that unlabeled hFSH or 

hLH was used to compete with 1251-labeled hFSH or 125 I-labeled hLH 

for the respective binding sites in rat testes. 
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5. Analysis of the data 

Graphs were constructed for 1251-labeled hCG binding to particulate 

receptors in the absence and presence of increasing concentrations 

of unlabeled hCG at various receptor concentrations. The data obtained 

from studies using 5 ng of 1251-labeled hCG were analyzed by Lineweaver-

Burk (1934), Hofstee (1960) and Hill (1910). plots. In some cases (Figures 

1-3, Table 1), total concentration of the receptor, rather than that of 

the free, vJas used to construct the graphs for determination of Kr~ va 1 ues. 

Finally, the data were analyzed by.the following equation (Rodbard, 

1974): H + R! HR and Ko = (H) (R) where (R) =concentration of 
(HR) ' 

free .receptor sites, (H) = the concentration of free hormone, (HR) = 

concentration of bound hormone or the concentration of occupied recep-

tor sites~ Ko = dissociation constant. The binding inhibition data 

were converted to hormone saturation cur~es and:then:su~jected :to 

· Lirieweaver-Burk or Scatchard analysis. Evidence for lack of coopera

tivity was obtained from Hill plots, and in some cases, the effects 

of non-specific binding (i.e., hormone binding which is non-displace

able by 100 ng unlabeled hormone) were investigated. The method of 

unweighed least squares and Hewlett-Packard 9830A computer were used 

to calculate the parameters for various lines of regression. The 

statistical confidence in the data was assessed by applying the ·stu- · 

dent • s t test and by considering the s i gni fi cance of parameter va 1 ues. · 

derived from each regression. 

6. Radioiodination of succinyl cAMP-TME 

The labeled cAr·.1P vtas prepared by iodinating the tyrosine methyl ester 

derivative of the succinylated cyclic nucleotide (ScAMP-TME) according 



to the method of Hunter and Greenwood (1962) as described by Steiner 

et ~ (1972). To 50 ~1 of 0.5 M phosphate· buffer (pH 7.5) in a 

6 X 50 mm reaction vessel, ~t1ere added 3 ~9 ScAMP-TME (in 3 ~l of 

H20) and 1 mCi of carrier-free 12 5I (10 ~1). The iodination was 

started by adding 50 ~l of chloramine T (35 mg/10 ml of 0.05 M phos-
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. phate buffer, pH 7. 5). After 45 seconds, the reaction was terminated 

by the addition of 100 ~1 of sodium metabisulfite (24 mg/10 ml of 

0.05 M phosphate buffer, pH 7.5). 

The iodinated cyclic nucleotide ~erivative was separated f_rom ·free 

iodine by column chromatography using Sephadex G·lO as described by 

Steiner et ~ (1972). Briefly, the reaction mixture was applied to 

a 0.9 X 9 em column previously washed with 1 ml of 3% of egg albumin 

in phosph9saline buffer (0.15 M NaCl in 0.01 M phosphate buffer, pH 

7.5). The sarnple was eluted using phosph.osaline buffer and 2 ml frac-

. tions were collected. Surprisingly, free Na 125 I ·was eluted first, 

followed, by ·1 2-sr-labeled ScAMP-TME. Fractions 9 to 40 were pooled as 

described by Steiner et ~ (1972), and diluted in 0.05 M sodium ace-· 

tate buffer (pH 6.2) containing rabbi't gamma globulin (0.5 g ·%, w/v) 

such that each 100 ~l of the final mixture contained approximately 

10,000 CPM and 500 ~g of gamma giobulin. This mixture, in 10 ml ali

quots, was stored frozen at -20°C in vials and the appropriate number 

of vials required for each experiment was thawed just prior to use. 

7. Thin-layer c~romatography 

The purity of. the 125J-labeled ScAMP-Ti~E samples, obtained after pas

sing through Sephadex G-10 columns, was initially tested by thin-

1 ayer chromatography on s i 1 i ca g·e 1 plates·. Only those so 1 vent sys terns 



capable of confining the Rf value of the applied sample to greater. 

than 0.2 and less than 0.7 were used. It was found that silica gel 

plates which measured 1.0 X 20 em and a solvent system composed of 

12 .Parts butanol, 3 parts glacial acetic acid, and 5 parts water 

provided the best resolution when the solvent front was allowed to 

travel approximately 15 em beyond the point where samples were applied. 

Under these conditions, the 125 I-labeled ScAMP-TME samples applied 

were found to contain three fractions with Rf value~ of 0, 0.39 and 

l, respectively. The second fraction (Rf = 0.39) usually comprised 

60% of the total applied radioactivity. 

8. Purification of 125I-labeled ScAMP-TME 

The bulk purification of 125I-labeled ScAMP-TME was carried out using 

Inverted Dry Column Chromatography (IDCC) according to the method of 

Bhalla ~ ~ (1967). Briefly, the method invol~es a 25 X -2.5 em 

column packed with about 75 g· of dry silica gel (Gel .H, Type 60, 

prepared by EM Laboratories, Inc. Elmsford, N.Y.). 

The 125!-labeled ScA~P-TME to be purified consisted of fraction No. 9 

through No. 40 eluted from a Sephadex G-10 column after iodination. 

The fractions were pooled and lyophilized .. The lyophilized material 

was dissolved in 3 to 5 ml of buffer, mix~d with 2-3 g of dry sili

ca gel (Gel H, Type 60), ·and lyophilized again to convert the sample 

into a free-flowing mixture which could be easily transferred onto 

the.dry-packed silica gel column. The sam.ple was applied according 

to the procedure a 1 ready desert bed ( Bha 11 a et ~, 1967) and developed. 

through ascending chromatography using vacuum applied at the top of 

the column. The developer was the solvent mixture initially used to 



check the purity of 125 I-labeled ScAMP-TME (i.e., butanol-glac-ial 

acetic acid-water mixture in a 12:3:5 v/v ratio). The developing 

process was stopped when the solvent had risen to about 17 em above 

the position where the sample was applied; generally, 5 to 6 hours 
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-were required. The silica gel in the column was sectioned into slices 

1 em thick, and a representative sample was taken from each slice and 

,counted for radioactivity. The results, expressed as CPM/100 mg sili

ca gel, were plotted as described in 11 Results 11
·• Sections of the 

column corresponding to each peak were combined and eluted with appro~ 

imately 100 ml of 50% (v/v) ethanol. The eluates containing the puri

fied fractions were first concentrated under reduced pressure at 40°C 

and then lyophilized. The immunoreactivity of the radioligand mater

ial of each lyophilized fraction was assessed as described below. 

For assay purposes, the lyophilized fractions were each dissolved in 

0.05 M sodium acetate buffer (pH 6.2) containing rabbit gamma globu

lin (0.5 g %i w/v) and diluted with buffer until 100 ~1 aliquot of 

the solution contained approximately 10,000 CPM. The diluted frac~ 

tions, divided into 10 ml aliquots, wer~ stored at -20°C for up to 2~ 

months with no detectable deleterious effect upon the quality of the 

radioligand (vide infra). 

9. Immunoreactivity of 125 I-labeled ScAMP.:.TME fractions 

The immunoreactivity of the 1251-labeled ScAMP-TME fractions obtained 

from IDCC was assessed by the quantity of radioactivity associated 

with the antibody as a function of the latter's concentration. In 

assays designed for this purpose, 100 ~1 of the fraction containing 

approximately 10,000 CPM and 500 ~g rabbit gamma globulin was incu-
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bated with ·100 ~1 of antiserum of the following concentrations: stock 

antiserum solution diluted 75, 60~ 50 and 30 fold. Other aspects of 

the assay were identical with those given for radioimmunoassay in the 

next section. 

10. Radioimmunoassay of cA~1P 

Radioimmunoassays were performed according to the method of Steiner 

·et ~ (1972). The reaction was carried out in 0.05 M sodium acet~te 

buffer (pH 6.2). Each assay tube contained, in .order of addition, 

sample (up to 50 ~1 in volume) or standard cAMP solution (100 ~1), 

purified 125 1-l~beled ScAMP-TME (100 ~1 containing approximately 

10,000 CPM and 500 ~g rabbit gamma globulins), diluted goat ~nti-cAMP 

antiserum (100 ~1), and buffer to bring the reaction volume to 500 ~1. 

The antiserum (100 ~1) bound approximately 50-65% of the total added 

radioactivity. The reaction mixture was allowed to incubate for 20. 

hours at 4°C. The antibody complex was then precipitated by the addi

tion of 2.5 ml of 60% saturated ammonium sulfate solu~ion, kept in an 

ice bath for 15 minutes and centrifuged for 20 minutes at 3,000 RPM in 

a refrigerated centrifuge. The supernatants were discarded and the 

tubes containing·the precipitated complex were kept inverted over 

absorbent paper in a rack for an hour and wiped; the radioactivity \'las 

measured in a gamma counter. Data analysis was perfo~~ed with the aid 

of a Hewlett~Packa~d 9830A computer. Weighed~least square regres~ion 

was carried out using the 11 best fit 11 model. 

11. Antibody-dilutions and·storage 

The anti-cAMP antiserum from Research Product Int~rnational Corpora

tion (Lot No. 158162) was diluted (XlO) and· referred to as the 11 Stock 11 
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solution. It was stored at -20°C in either 0.5 ml or 1~0 ml aliquots. 

The 11 Stock 11 solution further diluted (usually X 30)· constituted the· 

"working" solution used in assays. The requisite amount of stock 

solution was thawed for the second dilution just prior to use. Stor

age of the stock antiserum solution at -20°C for more than two years 

has not resulted in any alteration in the quality of antibody. The 

antiserum (100 ~1), if diluted 300 or 500 fold binds 50 to 65% of the 

added radioactivity, and when diluted 2,000 fold, binds approximately 

20% of the total added radioactivity. 

12. Gonadotropin-stimulated production of cAMP 

The production of cAMP in testes~ with and without gonadotropi~ stimu

lation, was studied using the method described by Dufau et ~, (1973) 

with some modifications. Accordi_ng to this method, testes from mature 

male rats were divided into two groups: "Control" for establishing 

basal levels of cAMP and "Test" for determination of levels after 

gonadotropin stimulation. Care was taken to ensure that for each rat, 

one testis was used for 11 Control 11
, and one testis for 11 Test 11

• The in-cuba

tion medium was Medium 199 containing eg~ albu~in (O.l%,w/v}, theo

phylline (2m~~), penicillin (100 U/ml), and streptomycin (100 1-1g/ml); 

the incubation solution for 11 Test 11 contained an additional 50 ng of · 

hLH (4,600 I.U./mg) per ml: Each testis was suspended in 1.0 ml of 

the m~dium and incubated, unless otherwise stat~d, for 2 hours ·in a 

shaking metabolic water ·bath set at 27°C and 30 oscillations per min

ute. At the end of the incubation period, 4 ml of phosphosaline buf

fer (pH 7.5) containing egg albumin (0.1%, w/v) and theophylline (2 mM) 

were added to the incubation.medium and the testis macerated with a 
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glass plunger. Tubes containing the resultant mixture were placed in 

a boiling water bath for 10 minutes to destroy phosphodiesterase acti

v~ty, and then centrifuged at 20,000 X g for 20 minutes in a refriger

ated centrifuge set at 4°C. 

The cAMP content of the supernatants was determined by radioimmuno

assay; genera,lly, 10, 25 and 50 11l al iquots were used. The recovery of 

cAMP was determined by using ( 3HJ-cAMP as tracer and was found to be 

89.3%. The differences between the values obtained for Test and for 

Control were attributed to gonadotropin stimulation. These differ-

ences were expressed as % hormone stimulation above the basal levels 

or Con tro 1 . The errors in dup 1 i ca te determi nation d i. d not exceed 5% ~ 

13. In vivo administration of hCG 

Mature male rats (60 days old) were divided into 14 groups, each of 

which consisted of 8 rats. Rats in 6 groups received one intraperi-

toneal injection (75 I.U.) of hCG (CR 199, 11,600 I.U./mg) at 10 a.m. 

and were sacrificed by groups on Days 1; 2, 3, 7, ll and 14 ftfter the 

injection. Rats in another 6 groups received one injection (75 I.U.) 

of hCG (CR 199) in the morning for two consecutive days and were also 

sacrificed by groups on Days 1,' 2, 5, 9, 11 and··14 following the 

second injection of hCG. The remaining two of the fourteen groups of 
\ 

rats served as "Controls" and rec~ived injections of saline. One 

group of "Controls" wassacrificed 6 hours after the injection and the 

other group was sacrificed 12 days later. The rats were sacrificed 

by ether asphyxiation and the testes were removed for binding studies 

as well as for determination of their capacity to generate cAMP under 

gonadotropin stimulatton in vitro. 
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14. In vivo administration of ethanol· 

The schedule by which ethanol was administered has been described 

elsewhere (Gnanaprakasam et ~, 1979). Br.iefly, the schedule called 

for two intraperitone~l injections of ethanol (5 ml of 20% ethanol in 

saline, v/v, per injection) to be given to ll groups of rats (8 rats 

per group) each day (at 9.a.m. and at 3 p.m.) for 7 consecutive days 

(or up to Day 7). Animals were sacrificed at selected time intervals 

(i.e., on Day 1, 2, 3, 5, 7, 9, 11, 15 and 20). Thus, animals sacri-

. ficed on Day l received 2 injections o~ ethanol and those sacrificed 

on Day 7 received a total of 14 injections. There were-also two addi

tional groups of rats \-'Jhich served as 11 Control S 11
; they were injected 

with saline and sacrificed on Day 1 and on Day 20. The cAMP-production 

capacity under hormone stimulation of these testes was assayed accord

ing to the procedure descri-bed previously. 

15. Perifusion studies 

Perifusion studies were carried out as described by Shalla et ~ 

(1978, 1979a)~ Accordingly, jacketed glass colum~s (20 X 1.£ em) were 

used (Pharmacia Fine Chemicals, Uppsala, Sweden). Two· jacketed col-: 

umns were maintai'ned at ,37°C. Into each column we·re_placed three de

capsulated testes~ Medium 199 containing antibiotics and 2 mM theo

phylline was pumped through the column at the rate of 38 ml/h. Testes 

in one column were perifused this way for 1 hour 30 minutes; the tes

tes in the other column for 3 hours and 20 minutes. The eluate from 

each co)umn was assayed for hormone binding activity by the method 

described below, and for cAMP by radioimmunoassay. At the end of each 

perifusion period, testes were removed from the column and assayed for 
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gona:dotropin-stimulable adenylate cyclase, as measured by the produc

tion of cAf'1P. 

16. Determination of hormone-binding factor activity 

The :Procedure has been described by Shalla et ~ (1~76). The reac

tion was carried out at 4°C for one hour prior to addition of Dextran

coaied charcoal. Concentrations ranging from 1~5 to 75 .. ng of .1251-

labeled gonadotropin were used at fixed concentrations of the soluble 

factor. After addition of dextran charcoal, the tubes were kept at 

4°C·for 30.minute~, and then centrif~ged at 1506 X g for 15 minutes. 

The:supernatant was discarded and ihe pellets counted. In the absence 
I 

of the soluble factor, 85 to 90% of the added tracer is adsorbed by 
i 

the: charcoal and constitutes free labeled hormone (Bhalla et ~' 1976). 

In the presence of the factor, the CPM bound to the charcoal is reduced 
I 

dep~nding upon the concentration of the factor. Therefore, the bind-

i ng: is defined as Bt - Bn where Bt is the total CPM adsorbed by the 

cha~coal in the absence of the factor(s), and Bn is the total CPM 

bound in the presence of the soluble f~ctor.· 

I 

17.: Binding of cAMP ~Y protein kinase 
I 

·Prdtein kinase-cAMP interactions were·studied by the method of Gilman 
I 

(19;70). The reaction was carried out in a. final volume of 50 11l in 

0.05 M sodium acetate buffer pH 4.0. Duplicate tubes consisted of 

5 ~1 cAMP standard solutions (0.01 to 50 picomole)or varying aliquots 

of unknowns, and 15 11l of a mixture containing 15 11g of protein inhi

bitor, 10 119 of bovine serum albumin and 1 picomole of 3H-labeled cAMP 

(10,000 to 12,000 CPM). The reaction was initiated by the addition of 

0.6 11g of protein kinase (from beef heart) in 5 111 of water, and al-
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lowed to proceed at 0°C (ice bath) for 1 hour and 20 minutes. At the 

end of the reaction period, 1 ml of cold 20 mM sodium phosphate buf-

fer (pH 6.0) was added to each tube and bound cAMP was immediately 

separated from the free· nucleotide by passing the. reaction mixture through 

Millipore filter discs of 0.45 ~m pore siz~ which had previously been 

rinsed with the same phosphate buffer. Following filtration, the 

discs were washed with the same buffer (3 ml., twice), dried, placed 

in a glass liquid scintillation vial and dissolved by adding 1 ml of 

methyl cellosolve. Ten ml of liquiq scintillation 11 Cocktail 11 were 

then added. The 11 cocktail 11 was a mixture of toluene and methyl cello-

so 1 v e ( i n a 3 : 1 rat i o ) and f 1 u o rs , made· by d i s so 1 vi n g 1 9 . 6 g P P 0 and 

0.14 g POPOP in 2.1 1 toluene and 700 ml methyl cellosolve. Effi-

ciency was approximately 30%. 

18. Estimation of the mass of· 12 5!-labeled succinyl cAMP-TME by 

protein. kihase binding assay 

The lyophylized _material obtained by purification on IDCC was resus

pended in 5.0 ml of 0.05 M sodium acetate buffer, pH 4.0 and the mass 

of the 12 5I-labeled ScAMP-TME in this sample was then determined 

through the protein kinase_binding assay as described in the preced

ing section. Unlabeled ScAMP-TME served as standard. The amounts of 

unlabeled ScAMP-TME used to construct the standard curve ranged from 

0.01 to 40 picomoles. The aliquots of the unknown ·chos~n were 5, 10, 

15 and 20 ~1. The final reaction volume was 50 ~1 which contained 

protein kinase inhibitor (15 ~g), bovine serum albumin (10 ~g), and 

3H-cAMP (1 picomole). 
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Since it was found that 125I-labeled ScAr~P-TME interfered with s

scintillation counting (data not shown), a second set of tubes was 

prepared to correct for this effect. The only difference between 

these two sets of tubes was that the second set did not contain 3H

cAMP (1 picomole), but did contain an equivalent amount of unlabeled 

cAMP, instead. Thus, the second set was used to estimate the quantity 

of s-emission contributed by the 1251-labelect' samples alone. 

The reaction was initiated by the addition of protein kinase as des

cribed in the preceding section. Other steps followed the same given 

procedures. The radioactivity associated with the unknowns was deter

mined by subtracting the CPM values· associated with tubes containing 

no 3H-cAMP from the radioactivity values obtained in the presence of 

3H-cAMP. The potency of the 1251-labeled ScAMP-TME preparation was 

then· calculated according to the same procedure as described under the 

radioimmunoassay methods. 



RESULTS 

A. PROPERTIES OF HORMONE-RECEPTOR INTERACTIONS 

The traditional explanation for the inverse relationship between the quan

tity of radioligand bound and the amount of unlabeled ligand present in an 

inhibition plot has been that there is a definite number of binding sites 

for the hormone on the target cell membrane which, when occupied, prohibit 

further binding of the radioligand. Therefore, as the concentration of 

unlabeled hormone in the system increases, less of the labeled hormone will 

be bound by the tissue membrane. If such a relationship exists,_ the bind-

ing reaction could be considered bimolecular and the affinity plots-should,reveal 

constant affinity of the hormone for particulate receptor. In fact, these 

assumptions constitute the basis supporti~g the generalized use of competi-

tive displacement curves to assess the affinity of the ligand for their 

specific receptors. Under such conditions, the amount of unlabeled hormone 

required to displace 50% of the bound labeled hormone is usually taken as 

_a Kd value (Bennett, 1978). An alternative possibility which could ac

count for the decreaSed binding of labeled hormone in the presence of in-

creasing concentrations of unlabeled hormone is the release or loss of re

ceptor sites from the target cell membrane into the reaction medium trig-

gered by the hormone binding process. Thus extensive analysis of the data 
I 

by graphical methods other than competitive inhibition plots was under-

taken to ascertain which of the two explanations i~ the more probable one. 

To achieve this purpose, the data were initially analyzed by avidity plots, 

fo 11 ovJed by their reanalysis based upon a rapid equi 1 i bri urn m~_de 1 of the bind

ing reaction. 



1. The relationship between 12 5I-labeled hCG bound and the particu

late receotor concentration used. 

a) Lineweaver-Burk Plots: The bin~ing of l 25I-labeled hCG (5ng) 

to increasing concentrations of particulate receptors as a func

tion of unlabeled hCG concentration, expressed as [1/bound 12sr-

labeled hCGJ versus [1/homogenate concentration], is shown in Fig-

ure. 1 A. No correction for the di 1 uti on of speci fi·c aci ti vy 111as · 

made. The curve derived from an experiment conducted in the pre

sence of 12 5I-labeled hCG alone was biphasi~, concaving upwards 

at 1 ow concentrations of part i cu 1 ate recep tor·s (from 2 to 1 0 mg/ 

ml, wet tissue weight). Considering, for the moment, only the 

linear range of 12 5!-]abeled hCG at higher concentrations of par

ticulate receptors, the KM value of particulate receptors for 12 5!

labeled hCG was found to be 17.6 ± 1.16 mg/ml (wet tissue weight) 

with a Vmax value of 0.99 ± 0.003 ng/ml. Thus, approximately 

twenty percent of the added 125I-labeled hCG was bound to an ex-

cess concentration of particulate receptors under optimal ~vitro 

binding conditions. The figure also shows that as the unlabeled 

hCG concentrations increases, a f~mily of lines with increasing 

slopes is generated, rotating counter-clockwise to indicate the 

inhibition of binding, but resulting in. greater Kd values; in this 

case, limiting ~lopes are observed when hCG concentration~ are 

greater than 10 ng/ml (vide infra). Similarly, when studies were 

performed using 10 and 20 ng of 125I-labeled hCG (i.e., increas

ing radioactivity without addition of unlabeled hormone)~ the fam-
I 

ilies of lines generated were found ·to ,rotate_clockwise relative to 

the one-generated using 5 ng of 12 5I-labeled.hCG alone (data not-



shown). The Kt~ va 1 ues of particulate receptor for the hormone 

were comparable in all cases and were dependent upon the quantity 

of total hCG present rather than on the quantity of labeled hCG 

used. This concept is well illustrated by the KM ~alues of the 

particulate receptors for a total of 10 ng hCG, irrespective of 

whether the hormone added was all labeled (10 ng 1251-labeled hCG, 

KM value of 31.09 mg/ml, Figure 2) or a mixture of labeled and un-
' 

labeled hCG (5 ng each; KM value of 32.9 mg/ml, Figure lC). 

The curvilin~ar nature of the double reciprocal plot at low.parti

culate receptor concentrations is due either to receptor loss upon 

dilution or low sensitivity of the method at low receptor concen

trations. Other probable causes· considered at this stage were: 

(a) proteolytic enzyme initiated degradation of receptors, and 

(b) the limitations of double reciprocal plots (bawd and Riggs, 

1965; tljckovm et ~' 1974; Segel, 1975); one of the limitations of 

a Lineweaver-Burk plot is that a slight error in the determination 

of bound r~dioactivity can lead to a significant change in the 

slope of the line when reciprocals are taken. 

The first possibility was co.osi.dered unlikely because the binding 

parameters (KM and Vmax values) were found to remain unaltered as 

a function of time (Bhalla, 1978) and, theref~re, did not support 

the phenomenon of receptor degradation. The second possibility 

was tested by reanalyzing the data in accordance with the Hofstee 

equation in order to rule out those errors in the double recipro

cal plot. 
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b) Hofstee Plots: This plot was constructed by plottjng Bound 

hCG versus (Bound hCG/total homogenate] (Figure lB). The figure 

shows that the .1 i nes in the Hofs tee p 1 ot corresponding to 0, 1 , 

and 5 ng of unlabeled hCG di~played negative slopes and yielded 

KM and Vmax values comparable to those obtained from ·the. Lineweave~ 

Burk plot (compare Figure 18 with lA; Table 1). However, at high 
J 

unlabeled hCG concentrations (10 ng or greater), the lines were 

virtually vertical, suggesting that the concentration of the un

labeled hCG has exceeded the KM value of the hormone for its par

ticulate receptor, at least for the high affinity binding site, 

so that the experimental data obtained at higher hormone concen

trations no longer follow the Michaelis-Menten equation. 

c) Hill Plots: Hill plots of the data used to generate the 

Lineweaver-Burk plots are shown in Figure lC. The Vmax valu~s 

were obtained from the Hofstee plot. The lines were linear in 

the log [8/Bmax-BJ range of± 0.6 (Figure 10). As the unlabeled 

hormone concentration increases, the lines move progressively to 

the right, indicating that the KM value of the particulate recep

tors for the hormone is changing with increasing total hormone 

con centra ti on. 

Hill plots of the data using 10 and 20 ng of 125I-labeled hCG 

instead of 5 ng 1251-labeled hCG are shown in Figure 2 and 3~ As 

discussed previously, the KM value of the receptor for 10 and 20 

ng of 125I-labeled hCG alone was found to be greater than the 

values for 5 ng of labeled hormone. Thus, the data once again 

suggested that the KM of the particulate receptors for the hormone 
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Figure 1 Binding of 5 ng of 12 5!-labeled hCG as a function of 

receptor concentration. 

5 ng of 125!-labeled hCG (68,293 CPM) was incuQqted with 

particulate receptor (2.5 to 70 mg) in the presence of 0 

through 100 ng unlabeled hCG at 37oc for 3 hours after which 

the tubes were centrifuged at 1500. X g _for 10 minutes and 

the supern~tant discarded. Th~ tubes were kept in inverted 

position over absorbent paper for at least 1 hour at 4°C. 

ThE tubes .were then processed as described in 11 Materials and 

Methods 11
• The values used to convert CPM tong 125I-labeled 

hCG bound was 13,659 CPM/ng, and no correction for dilution 

of specific activity due to the presence of unlabeled hCG 

was made. 

(A) Lineweaver-Burk plot of the data . 

. (B) Hofstee .Plot of the same binding data. 

(C) Hill 'plot of the same data. 

Vmax values used to gene~ate the Hill plot were obtained 

from the Hofstee plot. The data, when analyzed by linear 

regression, yielded correlation coefficient (r) values 

greater than 0.99 and 11 p11 values less than 0.001 for the 

high af-finity binding site in all cases. 
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TABLE 1 

KM AND .. Vmax. VALUES AND THE. REGRESSIONAL COEFFICI.ENTS 

OF THE FAMILY OF. LINES SHO\~N IN FIGURE lA, l B AND l C. 

hCG Hofstee Plot 

K~1 Vmax 
mg/ml ng/ml 

5 ng 125J-hCG 17.33 ± 0.247 0.997 ± 0.003 
r=0.99 (p<O.OOl) 

+ 1 ng hCG 23.295 ± 0.078 1.049 ± 0.005. 
r=0.98 (p<0.001) 

+ 5 ng hCG 49.87 ± 2.457 1.256 ± 0.032 
r=0.99 (p<O.OOl) 

+10 ng hCG NO NO 

+50 ng hCG NO NO 

r = regression coefficient; p ·= probability 

± S.E. 

Lineweaver-Burk Plot 

K~1 Vmax 
mg/m1 ng/ml 

17.58 ± 1.16 0.99 ± 0.02 
r=0.99 (p<O.OOl) 

23.80 ± 0.318 1.057 ± 0.013 
r=0.99 (p<O.OOl)· 

5'1 . 16 ± 6. 23 1.261±0.078 
r=O. 99 (p<O.OOl) 

NO NO 

NO NO 

Hill Plot 
Hill Coefficient 

KM {n)* 
mg/ml 

18.22 ± 0.08 1.086 ± 0.003 
r=0.99 (p<O.OOl) 

21.69 ± 0.23 1.32 ± 0.159 
r=0.99 (p<O.OOl) 

32.97 ± 0.29 1.37 ± 0.05 
r=0.99 (p<O.OOl) 

62.7 ± 4.39 1.468 ± 0.067 
r=0.99 (p<O.OOl) 

129 ± 0.85 1.512 ± 0.005 
·. r=O. 99 ( p<O. 001 ) 

NO Non-Detectable.= represents erroneous results such as negative slopes instead of positive 
s·l opes and vice versa. 

*Variation in Hill coefficient values could be due to the nature of the m~thod used to a~alyze 
the data, i.e., total receptor concentration, rather than that of the free, was used. ~ 



Figure 2 Hill plot of binding studies using 10 ng of 125I-labeled 

hCG and increasing concentrations of unlabeled hCG and par

ticulate receptors. 

Experiments_identical to those in Figure 1 we~e performed 

using 10 ng of-125I-labeled hCG (138,540 CPM) instead of 5· 

ng. The tubes were processed in the same fashion as those 

in Figure 1 and 13,854 CPM/ng was used to convert binding 

data from CPM to ng. The Vmax values used to generate the 

Hill plot were again obt~ihed from the corresponding 

Hofstee plot. The 11 r" and 11 p11 values for all lines are 

> 0.98 and< 0.001, respectively. 
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Figure 3 Hill plot of binding studies using 20 ng of 125I-labeled 

hCG and increasing concentrations of unlabeled hCG and 

particulate receptors. 

Experiments performed were identical to those described in 

Figure 1. 20 ng of 1251-labeled hCG (284,133 CPM) has 

14,207 CPM/ng of 1 abel ed hormone. Hofs tee .p 1 ot was again 

used to generate the Vmax values needed to construct the · 

Hill plot. The "r 11 and 11 p11 values for all lines are 

> C.98 and< 0.001, respectively. 
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increased with increasing hormone concentration. The binding data, 

when ana~yzed by the Hill equa~ion, showed no evidence of cooper

ativity and the Hill coefficients were considered to be practical

ly equal to one (also see Figure 68). Additional data from this 

laboratory have clearly supported this interpretation (Bhalla, 

l978a; Bhall a, 1979b; Chen et · ~' 1979). 

2. Evidence for the physfcal integrity of the 125 I-labeled hormone 

To determine the quality of the radioactive hormone, binding charac

teristics 6f~the 12 5I-labeled hGG {20.pCi/pg) in the absence of un-_ 

labeled harmon~ were_co~pared with the 'binding characteristics of the 

l25I-labeled hCG in the presenc.e of varying concentrations of unlabeled 

hormone (1, 5 and 10 ng). A double reciprocal plot, similar to the 

one shown in Figure lA, was constructed (data not shown). The Values 

of the slopes of the various lines were then re-plotted against the 

unlabeled hormone concentrations (Figure 4) and a straight line was 

obtained. This line, when extrapolated to the ordinate (Y) axis, 

yielded a value of 11.16, which was in close agreement with the experi

mentally obtained slope of the line.for 10 ng of 125!-labeled hCG 

alone (10.95 value,· Figure 4). Furthermore, as sho~tm previously, the 

KM value of particulate receptors for 10 ng of hCG of which 5 ng was 

labeled, is equal to the KM value for 10 ng of 125!-labeled hCG ·with

out unlabeled hCG. Lastly, in competitive inhibition plots, it was 

observed that almost all of the label~d hormone bound can be displaced 

by unlabeled hCG at low concentrations of the particulate receptor·· (data 

not shown). This inhibition of 125 I-labeled hCG by unlabeled hCG was 

hormons specific in tha~other unlabeled hormone preparations such as 
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Figure 4 The relationship between the slopes of the lines in the 

Lineweaver-Burk plot of l/bound 12 5I-labeled hCG versus 

l/homogenate concentration for 10 ng of 125 I-labeled hCG 

and unlabeled hCG concentrations. 

The equation for the line shown is y = 3.88 + 11.16, 

r > 0.98 and p < 0.02. Extrapolation of the line to the 

ordinate· (y) axis (no unlabeled hCG) yields an intercept 

value which almost exactly equals the ·value experimerttally 

found to be the slope of the line corresponding to 10 ng 

of 125I-labeled hCG alone, suggesting that the labeled 

hormone has not· been physically damaged by the iodinatJon 

process and is virtually identical to the unlabeled 
\ 

(native) hormone in its behavior. 
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follicle-stimulating hormone, growth hormone, prolactin and bovine 
I 

serum albumin were ineffective in de~reasing the binding of labeled 

hCG (data not shown). These findings suggest that the labeled hor-

59 

mane used in these studies has not been damaged by the radioiodination 

process and is virtually indistinguishable from unlabeled hCG in its 

physical binding properties. 

3. Final analysis of the. data by a rapid equilibrium (model 

The data from competitive inhibition studies were finally converted 

to hormone saturation curves by the method of dilution of specific 

activity and were analyzed by either double reciprocal or Scatchard 

plots. The double reciprocal plots of (1/bound) versus (1/free) as 

a function of homogenate concentration at three different 125 I~abeled 

hCG concentrations (5, 10 or 20 ng) are shown in Figure 5 (A, B, C). 

Scatchard analysis of the same data is depicted in Figure 6A. In both 

cases, the Bmax as well as the Kd values of the hormone for particu

late receptors, were found to increase with increasing receptor con-

centration. T~e apparent increase in the Kd value of the hormone for 

particular receptors was inconsistent with a rapid equilibrium model 

of the binding reaction. The Hill plots of the same data did not re

veal cooperativity (Figure 68). 

Although the ·linear and proportional increase in the Bmax values with 

increasing concentrations of particulate receptors was maintained 

(Figure 5 and Figure 7, Table 2), the binding data were internally 

inconsistent with the equilibrium model of binding reaction. If cor

rections for the non-specific binding (i.e., binding in the presence 

of excess unlabeled hormone) were made, the double reciprocal plots 
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were curvilinear, and the receptor loss at higher concentrations of 

the hormone was pronounced at each of the homogenate concentrations 

(Figure?). In addition, when the homogenate concentrations were in

creased within the range of hormone concentrations studied, it was 

found that those receptor preparations were subjected to weaker hor

mone stimulation; consequently, greater concentrations of free hor

mone were required to deplete all the high affinity receptor sites 

(Figure 7). This implies that the abscissa intercept values represent 

the free hormone concentrations required to either detect or deplete 

50% of the total number of binding sites (vide infra). 

These data were further substantia ted by carrying out bi ndi n·g assays 

in which more data points were included. The binding of 2.5 ng of 

12 5I-labeled hCG by 10, 15, 20 and 30 mg of rat testicular homogenate 

in the absence or presence of a wide range of unlabeled hormone (0 

through 2000 ng) was studied at equilibri~m. The raw data obtained 

after subtracting glass binding as non-specific binding were analyzed 

by competitive inhibition plots (Figure BA). The figure showed that 

the amount of radioligand bound and the amount of unlabeled hormone 

required to decrease the binding of radioligand by 50% are both func

tions of the particulate receptor concentrations: as the binding of 

labeled hormone in the absence of unlabeled hormone_.w·as increased, 

the amount of unlabeled hormone required to inhibit the binding of 

labeled hormone by 50% also was. increased. Both the double-reciprocal 

and the Scatchard plots (Figur~ 8, C and D) once again revealed that 

the Kd as well as the Bmax values proportionally increase with res

pect to particulate receptor concentration. A similar analysis of 
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Figure 5 Lineweaver-Burk plots of l/bound versus 1/free 12 51-labeled 

hCG as a function of increasing unlabeled hCG concentration 

at several particulate receptor concentrations. 

(A) shows the relationship ~etween bound and free hCG at an 

added radioligand concentration of 5 ng (68,293 CPM). The 

specific values used to convert the binding data from CPM 

to ng were corrected for the quantity of unlabeled hormone 

present (dilution of the specific activity) .. The "r" and 

"p" values for all cases were > 0.98 and < 0.05, respec-

tively. 

(B) is identical to (A) except that 10 ng of ~ 25 1-labeled 

hCG ( 138 ~ 540 CPM) was used. The data wer·e converted from 

CPM to ng using the appropriate diluted specific activity 

value. The "r" values in all cases is greater than 0.98 

·and "p" is 1 ess than 0. 01 . 

(C) is identical to (A) except that 20 ng of 125 I-labeled 

hCG ( 284,113 CPt~) was used. The data were converted from 

CPM to ng using the appropriately diluted specific activi-, . 

ties. The "r" and "p" values in all cases were> 0.98 

and < 0.02, respectively. 
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Homogenate 

~g/ml wet tissue 

20 

30 

40 

50 

60 

TABLE. 2 

SUMMARY OF THE VARIOUS Bmax VALUES CALCULATED · 

FROM .THE DATA SHOWN IN FIGURES SA, B AND C. 

Bmax Values 
(b) 

(a) 

5ng 125 1-hCG lOng 125 1-hCG 

ng/ml ng/ml 

0.99 ND(c) 

1.94 NO 

2.46 2.36 

3.94 3.05 

·4.40 3.66 

(a) All the ~max values are the. average of three determinations. 

20 ng 125 1-hCG 

ng/ml 

NO 

NO 

NO 

3.42 

4.16 

(b) The specific activi~ of 1251-labeled hCG preparation was 20~Ci/~g. Under these conditions 
the capacity of the tissue to bind 1251-labeled hCG was 0.065 ng/ml/mg ·homogenate. 

(ND) Non-detectable. 

~ 
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Figure 6A Scatchard analysis· of the relationship between bound and free 

125!-labeled hCG at an added radioligand concentration of 5ng 

The Vmax and affinity values obtained for. 125!-labeled hCG 

at each of the indicated particulate receptor concentrations 

using this plot are comparable to ·those dbtained for them 

through the Lineweaver-Burk plot (Figure SA, and see Table 

1). Inset (A) shows the relationshipbetween the affinity 

value and homogenate concentration, and inset (B) shows the 

relationship between the Bmax values and the homogenate 

concentration. 
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Figure 6B Hill plots of the data. 

The data shown in Figure sa and 5C were plotted according 

to the Hill equation. The slope of the lines (n values) 

was· close to unity in a 11 cases. 
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Figure 7 Replot of Figure 5A using radi·oactivity bound by the tissue 

in the presence of 100 ng of unlabeled hCG as non-specific 

binding. 

The amount of added 12 5I-labeled hCG (5' ng; 68,293 CPM) 

bound by the tissue (20, 30, 50 and 70 mg) in the presence 

of 100 ng of unl~beled hCG was treated as non-sp~cific. 

This value was then subtracted from the ,radioacf1vity 

bound by the tissue in the presence" of 1 esser quantities 

of unlabeled hormone. The resultant radioactivity was. 

converted from CPM to ng using specific activity values 

· which had been corrected for the presence of unlabeled 

hormone and plotted in accordance with the Lineweaver

Burk equation. The negative reciprocal of the abscissa 

.(x) axis intercept va 1 ues ( KM) for the 1 i nes correspond

ing. to 20, 30, 50 and 70 mg are: 3.5], 8.40, 15.87 and 

27.69 ng/~1, respectively. The experimental data of 

Figure 58 and C behave in a similar f~shion if cofrection 

for non-specific binding are made (data not shown). 
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the data by using 2000 ng of cold hormone as non-specific binding is 

shown in Figure 9. Here again, double-reciprocal and Scatchard plots 

were curvilinear; the effect was more pronounced at higher concentra-

tions of the free hormone. This pattern may suggest that the higher 

concentrations of free hormone deplete the receptor sites faster than 

lower concentrations of the hormone. However, more work is needed be-

fore it can be clearly established. whether glass or large excess of 

col~ hormone as non-specific binding should be used to analyze the 

binding data. 

4. A comparison of the KM v.alues of l25I-labeled hCG, l25I-labeled 

hLH and 125I~labeled hFSH foi their particulate receptors in rat 

testes 

Although it is well known that the particulate receptors of rat.tes

tes bind gonadotropins with high affinity and specificity (Catt et al., 

1972; Means, 1973; Shalla and Reichert, 1974a), the comparative KM 

values of a single particulate receptor pr~paration for the 12 5I-

1labeled hCG, 125I-labeled hLH and 12 5I-labeled hFSH are not available. 

~herefore, the binding of 125 1-l~beled-hCG, -hLH and -hFSH (10 ng) to 

variable concentrations of particulate receptors was investigated un

der the conditions described for hCG except that the corresponding 

homologous unlabeied hormone was used to compete with the labeled hor- , 

mane for their respective binding sites in rat testes. The binding 

para~eters of the data analyzed by Hofstee•s plot are shown iri Table 

3. The KM value of the particulate receptors for 125I-labeled hCG, 

125I-labeled hLH and 125J-label.ed hFSH were found to be 30.78 ± 1.5 

mg/ml, 48.2 ±1·.52 mg/ml, and 131 ± 4.8 mg/ml with the Bmax value of 
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Figure 8 Effect of rat testicular homogenate concentrations on the 

binding parameters using radioactivity bound by glass as 

non-specific binding. 

The binding of 12 5I-labeled hCG (2.5 ng, 51,292 CPM) to 10, 

15, 20 and 30 mg of homogenate in the absence and presence 

of a wide range of unlabeled hormone (0 through 2000 ng) was 

carried out asdescribed in 11 Materials and Methods". The 

data were obtained after subtracting glass binding as non

specific binding. (A) shows the competitive inhibition 

plots of the raw data. The binding data were also con~erted 

from CPM to ng using the appropriate diluted specific acti

vity value. (B) is the hormone satur~tion curve. The inset 

shows the saturation curves obtained at lower hormone con

centrations. (C) is the Lineweaver-Burk plots, and (D) is 

the Scatchard·plots of the same binding data. Inset in 

Figure 80 shows the relationship between Bmax values and the 

testicular homogenate concentrations. 
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Figure 9 Effect of rat testicular homogenate concentrations on the 

binding parameters using radioactivity bound by the tissue 

in the presence of 2000 ng unlabeled hCG ~s non-specific 

binding. 

The binding data shown in Figure 8 \~as analyzed· by ·using .. 

the quantity of 125 1-labeled. hCG bound by the tissue in the 

presence of 2000 ng of unlabeled hCG as non-specific biridin~ 

This value was then subtracted from the radioactivity bound 

by the tissue in the presence of 1 esser amounts of un 1 a.-

be led hormone. (A) shows the competitive inhibition plots 

of the raw.data; (B)~ hormone saturation isotherm; (C), 

the Lineweaver-Burk plots; and (D), the Scatchard plots. 

Inset in Figure 90 shows the relationship between the Bmax 

values and the testicular homogenate concentrations. 
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TABLE 3 

KM AND Vma~ VALUES ~F ~ 25 1-LABELED hCG, 1251-LABELED hLH AND 1251-LABELED hFSH TO PARTICULATE RECEPTORS 

OF RAT TESTES: Binding of 1251-labeled hCG, 1251-laLeled hLH and 1251-labeled hFSH, at a fixed concen-

·tration of 10 ng/ml of iodinated hormone, as a function of various particulate receptor concentrat1ons, 

was investigated as described under 11 Materials ·and Methods .. ~ The .data were analyzed by Hofstee•s plot 

methods. 

. .. 

Hormone* KM**. .Vmax ** % of 1251-hormone bound in the 
mg/ml rig/ml presence of excess particu-

late receptors. 

1251-labeled hCG 30.7 ± 1.5 2.55 ± U.022 25.5 

125J-labeled hLH 48.2 ± 1.52 3.83 ± 0.056 38.3 

1251-labeled hFSH 131 ± 4.8 2.02 ± 0.06 20.2 

- -~-

* The concentration of the .1251-labeled respective hormone was held constant at 10 ng/ml. 

± S.E. 

** Kr4 and Vmax values \'Jere determined to measure the extent of the tota 1 uptake of the radio 1 i gand 

by the receptor preparation. 

-....;) 
-...J 



2.55 ± 0.02 ng/ml, 3.83 ±0.05 ng/ml, 2.02 ± 0.06 ng/ml, resp~ctively 

(Table 3). This relationship was found to be inversely related to 
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the concentrations of LH and FSH soluble factors in homogenate super

natants (Shalla et- al., 1976; vide infra, see Figure 10 and 1.1). --- ----

5.- Binding of 125 I-labeled hCG as a function of reaction volume 

(dilution experiments) 

The stability of receptor binding sites during the ·course of incuba

tion is essential to estimate both the rate as well as the equili

brium constants of the binding reaction. It was previously demon

strated that there was no detectable difference betvJeen the Bmax 

values obtained after 30 minutes of incubation at 37°C and those ob-

tained after 3 h. at 37°C or after 24 h. at 4°C (Shalla, 1978). How~ 

ever, the possibility of receptor loss by virtue of basal receptor 

dissociation was not excluded. To study this phenomenon, the binding 

of 125 I-labeled hCG (2.5 ng) by 20 mg of testicular homogenate in the 

presence of 0-:- l 00 ng un l abe 1 ed hCG in different reaction vo l_umes ( 250,-

5000 pl) was studied. Competitive inhibition plots of the data are 

shown in Figure lOA.· The binding of 125 I-labeled hCG was inversely 

related to the reaction volume. The amount of unlabeled hormone re-

quired to displace 50% of the bound labeled hormone also decreased as 

the reaction volume was increased. When the data were corrected for 

the reaction volume and plotted according to the -Lineweaver-Burk equa

tion, an uncompetitive behavior was observed (Figure lOB). The pro

gressive decrease in both Kd and Bmax values indicated that hormone

specific receptors were being depleted by increasin~ quantities of 

buffer added to the reaction mixture. 
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Figure 10 The binding of 1 2 5I~label~d hCG as a function of reaction 

volumes. 

(A), the binding of 1251-labeled hCG (2.5 ng, 45,222 CPM) 

by 20 mg of homogenate in the presence of 0 through 100 ng 

of unlabeled hCG was studied at different reaction volumes. 

Competitive inhibition plots of the ~inding data are plotted 

for each reaction volume._ Each data point represents the 

mean of duplicate determinations. (B), double reciprocal 

plct of the binding dat~ after correttion for the reaction 

volume. Bound and free hormone concentrations quantitated 

at each reaction volume were converted into units of ng 

hormone (bound or free) per ml. The regression coefficient 

for all lines is greater than 0.99 (p < 0.001). The Kd 

values at 250, 500, 1000, 2000, 2500 and 3000 ~1 after mak

ing corrections for the reaction volume are:· 4.0 X 10- 10 , 

1.9 X lo- 1o, 1.0 X l0-10, 6~3 X 10-1 1 and 6.3 X l0- 11M, 

respectively. The corresponding Bmax values after correc

tion are: 6.72, 2.41, 0.88, 0.37, 0.28~ and 0.22 ng/20 mg 

tissue, respectively. (Data reproduc~d from Bha 11 a et .!G_, 

1979a.) 
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It was once again evident that the abscissa axis (X) intercepts of 

the double reciprocal plot of bound versus free hormone appear to 

represent the half maximal concentration of the free hormone needed 

to detect or deplete all the hormone binding sites present in the 

membrane preparation: the lower the KM, the lower is the Vmax· 

6. Pre-dilution experiments 

In the preceding section it was demonstrated that the Bmax values 

deteriorated as a function of the reaction volume. Therefore, bind-
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ing ass:ays were preincubated with 250, 1000, 3000, or '5000 11l buffer 

for 1 hour at. 37°C (Figure 11). The tubes were centrifuged after the 

preincubation step and the pellets were reincubated·With labeled ~or-
. ' 

mane along with a series of unlabeled hormone concentrations at a 

final reaction. volume of either 250 11l or one ml. The incubations 

were carried out for 1 hour at 37°C. ·At the end of the incubation 

period, the tubes were centrifuged at 1500 X g for 30 minutes. The 

binding data transformed through dilution of specific activity and 

plotted ·according to the Scatchard equation are shown in Figure 11. 

The upper panel (A) corresponds to data obtained using a reaction 

volume of 250 11l, and the lower panel (B) corresponds to that obtained 

using a rea£tion volume of 1000 11l. In ·both cases the data obtained 

were of poor quality and neither the affinity (Ka) nor Bmax values 

could be determined without making hazardous extrapolations. However, 

the figure shows that at each reaction volume (250 or 1000 11l), tissue 

pretreated with 3000 or 5000 11l buffer bound less labeleq ligand than 

tissue pretreated with 1000 ~1 buffer. The graphs corresponding to 

data obtained using tissue pretreated with 3000 or 1000 11l were shi_fted 

left along the abscissa axis in relation to the graph for data obtained 



Figure 11 The Scatchard plot of 125 I-labeled hCG binding by tissue 

preincubated with different volumes of buffer. 

The tissues used in the binding assays were pretreated with 

egg albumin phosphate buffer and the incubations were 

carried 9ut at 37°C for 1 hour followed by the procedure 

described in 11 Results 11
• The binding· of 12 5!-labeled hCG 

( 2. 5 ng, 45,222 CP~l) in the presence of 0 through 100 ng 

of unlabeled hCG by 20 mg of the tissue pretreated wi.th 
. ' ' 

the various volumes of buffer indicated was studi~d at 

two reaction volumes: 250 (A) and 1000 11l (B). The data 

were then used to construct the Scatchard plots shown. 

(Data reproduced from Shalla et al., 1979a.). 

I • 
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using tissue pretreated with 250 ~1 buffer. The shtft toward the left 

indicated a decrease in the total number of binding sites at zero ng 

unlabeled hormone concentration (ordinate axis intercept value) as 

well as in Bmax values (abscissa axis intercept value). The decrease 

in the binding capacity of testicular homogenate preparation following 

buffer pretreatment was further found to correlate with the appearance 

of an increase in the quantity of soluble factors in the buffer super

natant obtained after the preincubation step (data not shown; se~ 

Bha 11 a et ~, l979a) . These factors were previously shown to bind 
' / 

hCG with high ·affinity and specificity (Bhall·a et ~, 1976; Shalla 

et ~, 1977). 

B. PURIFICATION OF LABELED ANTIGEN USED IN cAMP RADIOIMMUNOASSAY 

1. Preparation of l25I-labeled ScAt-·1P-TME: Steiner•s and ~,Jeinryb•s 

methods 

Initially, two methods for the preparation of 125 I-labeled ScAMP-TME 

were tried: one according to Steiner et ~· (1972) and one according 

to Weinryb (1972). These two methods are basically similar but differ 

from each other in details. These differences are tabulated in Table 

4. , Although there was no· appreciable d i·fference between tbe i mmuno

reacti·vities of the. 12 5I-labeled ScAr·1P-Tt·1E obtained by the two methods 

if tested shortly after iodination (i.e.·, on Day 0), the immunoreacti

vity of these two preparations deteriorated with time; the 1251-labeled 

ScAMP-Tt~E prepared by the method of ~~ei nryb was found to have lost 

approximately 48% of its original activity after a week while the ma

terial prepared according the procedure of Steiner et ~had lost 

only 19% (see Table 4). Therefore, purification of 12 5I-labeled-ScAMP-
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TME was undertaken. We decided to adopt Steiner 1 s procedure for the 

radioiodination fdr the following two reasons: (1) a much smaller 

quantity of Na 125 I \1/as required thereby allowing greater ease in hand

ling the radioactive material and (2) the purity of the product as 

determined by TLC was comparatively better by this method (data not 

sho11m). 

2. Purification·of .1 25 !-labeled· ScAMP-THE 

The purity of 125!-labeled ScAMP-TME obtained after passage through 

Sephadex G-1 0 ~ttas checked by TLG, using various so 1 vent sys terns. Hhen 

silica gel plates were run for 15 em with a solvent system composed of 

butanol, glacial acetic acid, and water (12:3:5 v/v), th~ee components 

were identified with a Rf values of 0, 0.39, and 1.0, respectively. 

Under these conditions, the second ~omponent (Rf = 0.39) usually com

prised 60% of the applied radioactivity. Having selected the appro

priate solvent system, large batch purification of the radioligand was 

carried out by IDCC (see "i':aterials and f··1ethods 11 for detail). The 

chromatogram is shown in Figure 12A. Most of the applied radioacti

vity was found to be concentrated in Fraction 2 and.4 with the resi

dua 1 rad i oacti vi ty scattered throughout the chroma to gram. ~~hen these 

fractions were tested for antigenicity, Fraction 2 was the only one 

which proved to be positive (see Figure 128, data for Fraction 1 .and 

3 are not shown for the sake of clarity). The antigenic potential of 

Fraction.2·wastwice that possessed by 125 I-labeled ScA~~P-TME prep9.ra

tion prior to IDCC purification (Figure 12C). furthermore, there

sults obtained were superior to those obtained using the labeled cAMP 

supplied by Schwarz-r~ann as part of their cAMP radioimmunoassay ki.t 
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(Figure 12C). The amount of the purified antigen bound was increased 

by 20% and the binding \!vas inhibited by unlabeled cAt~1P in dose-depend

ent manner at low cAMP concentrations (Figur~ 12C). This preparation 

of the radioligand could be stoied for approximately 2~ months without 

significant deterioration of the immunological reactivity, a problem 

frequently encountered in previous studies (Table 4). 

3. Antigen-antibody interaction 

a) Stability: The 11 Stock" antiserum dilutton once thawed was 

either used or discarded. This practice· was based upon the find

ing that repeated freezing and thawing led to a complete loss of 

the anti gen-bi ndi ng prope'rty (Figure 13). However, frozen anti-

·sera diluted prior to experiment, invariably yielded reproducible 

results from experiment to experiment even when different batches 

of l25 !-labeled ScAMP-TME preparations were used (see Table 5). 

These experiments supported the conclusion that,'in our hands, 

antigen unstability reported in Table 4 was not due to the anti

body decay, but rather) it was due to the· antigen deteri oration 

if it was not purified after radioiodination. 

b) Speci fi city: The interaction of anti body-·anti gen was remark

ably specific. Compounds such as 2', 3'-cAMP which was known to 

cross-react with 1251-labeled ScA~11P-T~1E (Steiner et ~, 1972) 

were ineffective in displacing the bound radioligand (Figure 14). 

The avera 11· qua·l i ty of the data obtai ned using the purified radio-

. ligand was superior in that (a) the antigen was more stable, 

(b) the results were reproducible, (c) MIX and theophylline, known 

phosphodiesterase inhibitors, did not interfere with the radio-
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immunoassay, and ftnally (d) the antibody originally supplied for 

50,000 assay tubes could in fact be used for 500,000 tubes, making 

it more economical for routine use. 

C. STUDIES ON THE RELATIONSHIP BETWEEN GONADOTROPIN BINDING AND cAMP PRO

DUCTION 

1. The effect of in~ubatioh time on the production of cAMP in testes 

under hormone stimulation 

The cAr·1P content of unknown samp 1 es vJas, henceforth, determined 

according to the method using cAMP as the standard under the·condi

tions previously described (see ~~~~aterials and ~·1ethods 11 ). The cAMP 

levels in testes incubated with hLH either for 1 or 2· hours at 27°C 

were always found to be greater than in those incubated for 3 or 4 

hours under the same experimental conditions (Figure 15). As are

sult, incubation time was set at 2 hours at 27°C. 

2. The relationship between the number of gonadotropin-binding sites 

and the production of cAMP in testes , 

a) Effects of in vivo administration of hCG: To investigate the 

relationship between gonadotropin binding sites and the level of 

cAMP accumulation in rat testes, the concentration of high affinity 

gonadotropin binding sites was determined at different time inter

vals after ..:!..!!_vivo hormone administration. In rats receiving one 

injection of hCG (CR 199, 75 I.U.) a sharp decline in the number 

of detectable hLH binding sites was detected on Day 1 (left panel, 

Figure 16). This was accompanied by cessation of cAMP production 

(right panel, Figure 16). By Day 7, the number of gonadotropin 

binding sites had b~come greater than that of the controls (left 
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Figure 12 Purification of .12 51-labeled ScAMP~TME. 

(A) IDCC Elution Pr6file of 12 51-labeled ScAMP-TME. At the end 

of the developing process, the silica gel column was sec

tioned as described under "Materials and Methods". Repre

sentative portions of each section (100 through 300 mg) 

were counted in a y-counter for radioactivity. The data, 

expressed as CPM/100 mg silica gel, were plotted against 

section number and 4 major fractions of radioactivity. 

were obtained and analyzed for immunoreac.tivity as des

cribed (see text). 
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Figure 12 Purification of l25I-labeled ScAMP-TME. 

(B) Immunoreactivity of Fractions Obtained Through IDCC. The 

fractions obtained from IDCC were eluted, concentrated, 

lyophilized, and resuspended as described unqer 1 '~·1ateri a 1 s 

and Methods 11
• For the determination of immunoreactivity, 

100 ~l aliq~ots of each fraction (containing~ 10,000 CPM) 

were incubated with 100 ~1 11 Stock 11 goat anti-cAMP antiserum 

diluted 75, 60, 50 and 30 fold in a total reaction volume 

of 500 ~1 at 4°C for 20 hb~rs. The results are expressed 

as % radioactivity bound and plotted as a function of anti

body dilution. 
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Figure 12 

(C) 

Purification of 1251-label~d ScAMP-TME. 

The Binding of 1251-labeled StAMP~tME Ftom Various Sourtes 

As a Function of Unlabeled cAMP Concentration. The radio

immunoassays were performed as described under- 11 Ma teri a 1 s 

and Methods 11 using 11 Stock11 goat anti-cAMP serum further 

diluted 30 fold. Aliquots (100 pl) of unpurified, IDCC

purified, and Schwarz-Mann 12 51-labeled ScAMP-TME contained 

10,807, 9,120 and 10,066 CPM~ respectively. The results 

are expressed as % of labeled antigen bound and are plotted 

as a f~nction of unlabeled antigen concentration in this 

figure. Each data point represents the mean of duplicate 

determinations. 



70 

60 

c 

3 50 
0 
m 
LLJ 
:E 
l-

. I 
0.. 
:E 
~ 
-~ :30 

I ,.-,· 
. lt)H 

N 2Q 
.u 
~ 

10 

A C125
tJ-scAMP-TME PURIFIED BY :r occ 

o [125!J-ScAMP-TME FROM SCHWARZ-MANN'KIT .

1 • ( 125I]-ScAM?-TME BEFORE PURIFICATION BY 

rocc I 

I 
I 

\ 

I 
I 
I 

I 
i 
i 

O~t--riTjllllrfrlnt~&nq--~~•-r•r•~"~'~'lr--~~~~~•~•~tl~i~i-------------- ' 
0.025 0.1 l.O · 10 

UNLABELED. cAMP (picomole/tube) 

Fig. l2C 



95 

Figure 13 The effect of repeated freezing and thawing upon the 

antigen-binding capacity of the anti~tAMP antibody. 

Th~ figure shows that freezing and thawing the a~tibody 

preparation for 4 or more days resulted in almost total 

loss of antigen-binding capacity of the antibody. The 

data is displayed as a competitive inhibition plot and 

each data point is the mean of duplicate determinations. 
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Figure 14 The specificity of ( 125 I~labeled ScAMP-TME)-antibody 

interaction. 

The effectiveness of various analogs of cAMP as competitors 

of 125 1-labeled ScAMP-TME for the binding of anti-cAMP anti

body was tested with cAMP as the standard. The results are 

displayed in the form of a competitive inhibition plot.· 

The stock· antiserum used in the assay was further diluted 

1:30; 100 ~1 of the labeled ligand preparation contained 

11,000 CPM and 100 ~1 of the anal.ogs were used. Each data 

point shown is the mean of duplic~te determinations. 
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TABLE 4 

.. PREPARATION. OF 125I .:.LABELED ScAMP.:. Tt1E: 
A COMPARISON OF THE TWO METHODOLOGIES AND THE STABILITY OF THE PRODUCTS OBTAINED. 

f"lethod 

.Steiner 
et ~ (1972) 

Weinryb 
( 1972) 

ScAMP-Tf.-lE 
(mmolel 

iodination) 

4.94 X l0-6 
(3 pg) . 

1.65 X 10- 5 

(10 ~g) 

Nal25I 
(mCi) 

1. 0 

4.0 

Chloramine T 
(mmolellodination) 

6.2 X 10-4 

( 175 pg) 

3.12 X 10-4 
(88 ll9) 

Chloramine T: 
ScAf"lP-TME 

(mmole ratio) 

126 

19 

· Iodination % 125I-
Time (ScAM~-TME) 

bound (a) 
Day 0 I Day 7 . 

45 sec. 33.27 I 27.0_ 

30 sec~ 34.93 I 18406 

(a) Purification of the radioligands on Sephadex G-10 and subsequent dilutions were carried_ou~ as des

cribed in 11 Materials and ~1ethods 11 • Results are expressed as percentage of the ligand radi·oactivity 

bound to antibody during the binding reaction tested immediately after separation on Sephadex (Day 0), 

or following storage for a week (Day 7). Assays were performed in O.b5M sodium acetate buffer, pH 6.2, 

in a final volume of 500 pl, containing 100 pl of labeled tracer and 100 ll1 of fresh antibody dilution 

( 1:50) as described under 11 Materi a 1 s and f4ethods 11
• 

\() 
\0 



TABLE 5 

THE EFFECT OF STORAGE .AT ~2ooc UPON THE ANTIGEN-BINDING CAPACITY-OF GOAT ANTI-cAMP ANTIBODY 

Time of Storage 125 I-(ScAMP-TME) Bound 
(~~1onths) (%)(b). 

CONTROL (a) 58.3 

1 64.2 

3 59.2 

4 62.5 

5 67.7 

6 68.0 

8 61.9 

. 10 64.1 

(a) Freshly purchased antibody 

(b) Percentage of ( 125 I)-labeled antigen bound to antibody which.has been diluted 300 or 400 fold 

l-' 
0 
0 
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· Figure 15 The effect ·Of hLH an· the.productfon .of cAMP in testes as a 

function of time. 

Testes were incubated at 27oc in 1.0 ml of r~1edium 199 

containing egg albumin (0.1%, w/v), theophylline (2m~,1), 

and antibiotics (penicillin, 100 U/ml;· streptomycin, 100 

~g/ml) with and without 50 ng of hLH for the number of 

hours indicated. Each volume shown is the mean of dupli

cate determinations. The net percentage of stimulation 

"'1as calculated by subtracting the basal levels of cA~~P 

obtained from controls. 
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pane 1 , Figure 16). The quantity of cAr·1P was a 1 so greater (see 

right panel, Figure 16). By Day 11, the number of binding sites 

had decreased; this was accompanied by a decline in the level of 

cAMP (Figure 16). 

In rats receiving two intraperitoneal injections of hCG (CR 199, 

one injection of 75, I .U. per day for two consecutive days), a 

very. similar pattern was.found (see Figure 17). Thus, a total of 

150 I.U. of the hormone did not require proportionally longer 

periods for receptor replenishment. These findings do seem to 

indicate that a direct correlation exists between the number of 

gonadotropin binding sites and adenylate cyclase activity:, testi

cular tissue depleted of hLH binding sites was also unable to 

synthesize cAr,1P. 

Other evidence independeritly attained by Shalla and collaborators 

(1979b) during studies of the same nature as those described in 

this section, demonstrated that serum hCG levels were very high up 

to Day 2, then de·creased to norma 1 values between Day 3 and Day 5 

and remained at that le~el thereafter (see Table 6: data repro

duced from Shalla et ~' 1979b). It was also found that in the 

first six hours after hormone injection, when the concentration of 

gonadotropin in serum was still high, the density of gonadotropin 

receptors was found to be slightly higher than control values 

rather· than 1 ower (Tab 1 e 6; Bha 11 a et ~' l979b). Furthermore, 

while the serum gonadotropin levels were declining on Day 3 (but 

did not reach to basal level), the high-affinity binding sites 

began to replenish and returned to control level at around Day 11 
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Figure 16 The in vivo effects of 75·I~U. of hCG (CR 119) upon the 

concentration of hLH binding sites in rat testicular 

homogenate and upoh the production of cAMP in isolated 

rat testes. 

Left Panel: Bmax values plotted (left panel) were obtained 

through Scatchard analysis of the data generated from bind

; ng assays described under "Materials and ~1ethods 11
• Bmax 

value for- control (i.e., animals which did not receive any 

injection of hormone) is shown in Day 0. · The arrow indi

cates the time when hCG was given. Each data point repre

sents a Bmax value obtained through linear regression of 

the.line in Scatchard plot obtained·from the hormone satu

ration curves.· Right Panel: Testes removed at timed inter

vals from rats which have been given a single injection (75 

I.U.) of hCG were incubated in 1.0 ml of Medium 199 with and 

\~i thout· 50 ng of hLH as descri hed under "Materia 1 s and Meth

ods". The results obtained are expressed (right panel) as 

% of stimulation. Arrow indicates that point in time when 

hCG was given and the value for Day·o corresponds to Control 

or untreated'animals. Each point represents the mean of 

duplicate determinations. 



j-3.0. 
ll) 
N 

32o 
.1: 
~ . 
.5 
• 1.0 
a e 

CD 

0123 57 9 II 
t 
DAYS AFTER ONE INJECTION OF hCG (75X.UJINJECTION) 

Fig. 16 

105 

~YS AFTER' lt~ECTtON OF IICG (75I.U.IINJECTION) 



106 

Figure 17 The in vivo effects 6f 150'I~U. 6f hCG (CR 119) upon the 

concentration of hLH binding sites in rat testicular 

homogenate and upon.the·production of ~M~P in isolated 

rat testes. 

Left Panel: Rats used in this ,study were given one 75 I.U. 

injection of hCG per day for two consecutive days rather 

than one as described in Figure 16. Bmax values shown in 

the left panel were obtained through Scatchard analysis of 

the binding data obtained from assays' described under 11 Hate

rials and Methods••. The Bmax value for Day 0 corresponds 

to that for -untreated animals and the arrow_ indicates time 

\~hen the second injection of hCG \-Jas given. -Right Panel: 

Testes removed from rats which had been given a total of 150 

I.U. of hCG at the time intervals indicated were treated as 

described in legend to Figure 16. The arrow indicates the 

time when the second injection of hCG was given (right pan

el) and the value for Day O· corresponds to Control or un

treated animals. Each point is the mean of duplicate deter

minations. 
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TABLE 6 * 

SERUM GONADOTROPIN LEVELS IN ANI~1ALS AFTER A SINGLE. AND. AFTER. T~JO. INJECTIONS OF hCG 

Regimen 

hCG (single injection) 

Control I 
6 hr. 
Day 1 
Day 2 
Day 3 
Day 7 
Day 11 
Control II 

hCG (two injections) 

Control 
6 hr. 
Day 1 
Day 2 
Day ·5 
Day 9 
Day 14 

Serum Gonadotropin Levels 
_ hCG (mi .U./ml) (a) 

0.76 ± 0.03 
>1580 
>213.2 
18.4 ± 0.3 
3.4 ± 0.26 
0.75 ± 0.14 
0.72 ± 0.01 
0.67 ± 0.13 

0.76 ± 0.03 
>158'0 
>263 

23 ± 3 
0.84 ± 0.09 
0.78 ± 0.16 
0.63 ± 0.08 

(a) Measurements were made on pooled samples (4 ml serum/rat) from each group. 
± 
> 

* 

Mean and S.E. · 
The higher values are caused by the high levels of hCG in serum sample assays, which resulted in 
greater than 90% of inhibition at the lower values of serum tested. Further dilutions of the serum 
would have alleviated this problem. However, .we wished-to emphasize on the relative concentrations 
of the hormone in serum as a function of time. Therefore, these values with S.E. ± are qualitative 
rather than quantitative. 
Data reproduced from Bhalla et ~' 1979b. f-J 

0 
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or Day 14. It took approximately 12 days for the binding site 

values to return to normal level, which seemed a long period for 

hormone molecules to dissociate·from the binding sites they had 

previously occupied (Shalla et ~, 1979b). Thus, the reduction 

in binding sites was not the result of increased receptor occu

pancy at the time of animal sacrifice, but rather of a reduction 

in receptor number. These responses were once again inconsistent 

with the concept of receptor occupancy (see Chapter A in "Results"). 

b) Effects of in vivo administration of ~qu~ous ethanol: In vivo 

administration of ethanol (5 ml of 20% ethanol in saline, two i.p. 

injections per day per rat for seven days; the dosage_ given per 

injection equivalent to 3.6 gm of ethanol per kg body weight) re-

su1ted in a progressive diminution of the· number of·htgh~ affintty 

gonadotropin binding sites in rat testes. This decrease was ac

c'ompanied by diminished cA~·1P product.ion in response to hLH stimu

lation (Figure 18). When ethanol was withdrawn, the number of 

binding sites and cAMP production both commenced to increase and 

normal values were attained at around Day 15 to Day 20 or 8-13 days 

after withdrawal of ethanol (Figure 18, left and ri~ht panel). It. 

was noted, however·, that ethane l was not as effective in its action 

as gonadotropin in spite of the high dosage of ethanol administered; 

the receptor contents were only diminished by 40% and complete de

pletion was not achieved within tbe time scale of this experiment 

(Figure 18). Seru~ gonadotropin levels remained normal in all ani

mals during the entire course of the study (data not shown; see 

also Shalla et ~, 1979b; Gnanaprakasam et al., 1979). 
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Figure 18 The in vivo effect of ethanol upon the concentration of hLH 

binding sites i~ tat testes as ~ f~nction of time and ethanol 

effect upon the ptoductio~ of.cAMP in isolated rat testes. 

Ethanol (5 ml of 20% ethanol in saline, v/v) was given to 

rats twice a day for seven days. Arrows indicate the days 

on which ethanol was given. According to this regimen, 

animals sacrificed on Day 1 received two injections of 

ethanol, and those sacrificed on Day 7, or thereafter:, 

received a total of fourteen. Left ~anel shows the Bmax 

values which were obtained from.Scatchard plots of the 

data obtained from binding assays performed as· described 

under ~~~1aterials and r~ethods••. The Bmax value for Control 

is shown on Day 0. Right panel shows th~ effect of ethanol 

upon the pr6~uction of cAMP in isolated rat testes. The 

arrows indicate the time vJhen the ethanol was given and the 

value for Day 0 corresponds to Control. Each point is the 

mean of dup1icate determinations. 
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3. Perifusion studies 

In order to further investigate the loss of ·soluble factors into the 

medium (Bhalla et ~, 1976, 1977; Bhalla, 1977, 1978) and its effect 

upon gonadotropin stimulable adenylate cyclase activity, perifusion 

studies were undertaken. Intact testes were perifused under controlled 

conditions with Medium 199 containing antibiotic~ and 2 mM theophyl1in~ 

The Scatchard analysis of the equilibrium bind·ing' studies showed that 

the number of high affinity set of binding sites (Bmax) decreased as 
I 

a function of perifusion time (Figure 19). The Bmax value determined 

at time zero in a binding assay carried out in a reaction volume of 1 

ml was 1.2 ng/20 mg tissue (Bhalla et ~' l979a). This value was 

reduced by perifusion and became undetectable in tissue perifused for 

3.5 h. (Figure 19). The decline in the number of binding sites cor

related \vell vJith diminished hLH-stimulable adenylate cyclase activity 

in testes, and with a decrease in soluble factor concentration (as 

measured by the Oextra·n-coated . cha-rco a 1 method.) and cAMP 1 eve 1 s in the 

eluates (Figure 20). 

D. DETER~1INATION OF THE MASS OF 125 I-LABELED ScAMP- TME AS MEASURED THROUGH 

3H-cAMP-PROTEIN KINASE BINDING ASSAY 

The mass of the radioactive antigen (i.e., 12 5I-labe1ed ScAMP-TME) used 

in the radioimmunoassay of cAMP was determined by the cA~·1P-dependent pro

tein kinase binding assay using ScAMP-TME as the standard according to the 

procedure described under 11 Materia1s and Methods 11
• The percentage of in

hibition obtained from the standard curve and from unknown samples after 

correcting for the effect of high 1 eve 1 s of 125I -radi oacti vi ty into-- the 

s-scintil1ation counting is shown in Table 7. After dilution of the ali-
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Figure 19 Scatchard plots of·d~ta·obtai~~d.ftom bi~ding assays 

using perif~~~d·t~~t~s. 

Homogenates (360 X g pellets) prepared from testes peri

fused for the length of time indicated were assayed for 

hormone binding capacity as described in 11 Materials and 

Methods''. The data were converted into hormone saturation 

curves and the Scatchard ·plots were constructed. 
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Figure 20 Correlation of recept6r.l6ss with.diminished adenylate 

cyclase activity. 

Intact testes were perifused for the length of time indi

cated and assayed for LH/hCG-stimulable adenylate cyclase 

activity by measuring cA~~P that is produced~ vitro as 

described under "Materia 1 s and t~ethods". A 1 so, hormone

binding factor activity and levels of ·'cAf·1P in fractions 

collected from the perifusion studies were measured (see 

11 ~1aterials and r~ethods"). 
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quat (1300 fold; Table 7), the diluted sample of radioligand (100 01, 

lO,OOOCPM) contained 0.0191 picomoles of 12 5I-labeled ScAMP-TME. These 

calculations were based on th~ results shown in Table 7. 

E. EFFECTIVENESS OF ScAMP ANALOGS IN DISPLACING THE BINDING OF 125I-

LABELED ScAMP-TME TO ITS SPECIFIC ANTIBODY 

117 

The specificity of structurally-related compounds such as ScA~1P, ScAMP-TME 

and cAMP in the~cAMP radioimmunoassay is shown in Figure 21~ The ScAMP 

was the most potent inhibitor of the 12 51-labeled ScAMP-TME-antibody inter

action, followed by ScAMP-TME and cAMP, in decreasing order. Because of 

the higher affinity Qf the ~cAMP for the antibody, some investigators have 

attempted to increase the sensitivity of the cAMP radioimmunoassay through 

the succinylation of cAMP at 2'0 position in unknown samples with ScAMP 

as the standard (Cailla et El.:_, 1973; Harper and Brooker, 1975). 

t~e found that the s 1 opes of ScANP and cAt,.1P are not para 11 e l to one another 

'( Fi g~.tre 21). Efforts are curr~ntly underway to analyze the data through 

. graphical analysis to investigate if ScAMP ·and cAt·1P interact with the anti

body through the occupancy of their common and presumably shared binding 

sites (also see Figure 29 for specificity of cA~·1P-protein kinase interac

tions). 

F. PROPERTIES OF ·CA~1P -oA~·1P DEPENDENT .PROTEIN I< I NAS~ INTERACTIONS 

Interaction between cA~1P and cAMP-dependent protein kinase follows the 

type of reaction stipulated by the dissociation model (Krebs, 1972; t~alsh 

and Ashby, 1973; Swillens et El.:_, 1974; Beavo et El.:_, 1975): the binding 

of the cyclic nucleotide to the regulatory subunit (R) induces the release 

of the catalytic subunit (C) which is fully active as enzyme and able to 



TABLE 7 

ESTI~ATION OF THE t·1ASS OF_ 125 I.:..LABELED ScAt-1P-TME AS MEASURED 

THROUGH cAMP-DEPENDENT PROTEIN KINASE BINDING ASSAY 

Standard Curve 125J-ScAMP-TME (sample) 

· ScAt~P-Tt·1E 
{picomole/tube) 

0 
0.01 
0. 1 
0.3 
0.5 
2 
5 

10 
20 
30 
40 

% 
Inhibition 

100 
100 
98.6 
93.1 
88.2 
65.5 
44.6 
27.0 
15.2 
10. 1 
8.9 

Aliquot 
(J.tl) 

5 
10 
15 
20 

(A) (B)l 
In presence of In absence of 

3H-cAfv1P 3H-cAMP 
(Cpt:1/tube) (CPM/tube} 

20979 16128 
37453 33088 
52327 48929 
69188 66498 

(A - B) % 
Inh-i-bition 

4851 89.4 
4365 80.2 
3398 62.4 . 
2690 .49.0 

lLabeled cAMP is replaced by an equivalent amount of unlabeled nucleotide (1 picomole), according to 
11 Materials and t·1ethods". 

f-J 
f-1 
()) 
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Figure 21 Competitive inhibitiOn olots·of 125 I~lab~l~d.StAMP~TME bind

; ng to cAMP anti body by cAr~P, StA~:1p and ScAr~P-Tr,1E. 

To varying amounts of cAMP or succinylated derivatives (0 

through 20 picomole) dissolved in 100 ~1 of sodium acetate 

buffer (0.05 M~ pH 6.2), 100 ~1 of 1251-labeled ScAMP-TME, 

and 100 ~1 of diluted cAMP antibody wete added and incubated 

for 20 hours at 4°C. Free and bound antigen were separated 

as described in 11 Materials and r'1ethodS 11
• Each data point 

represents the mean of duplicate determinations. 
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phosphorylate an endogenous substrate. In the absence of cAMP, the two 

types of subunits are tightly bound together and the enzymatic activity 

of the catalytic subunit is restrained to a large extent. 
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In the preceding sections, we provided the evidence to suggest that gonad

otropin interaction with particulate receptor may also follow a dissocia

tion model. Therefore, experiments such as those involving the effects 

of variable particulate recepto~ concentrations upon the binding parame

ters and the effects of dilution, were performed using the cAMP-cAMP

dependent protein kinase system to verify the interpretation of the data. 

1. Saturation isotherms of 3H-l abe 1 ed cA~1P as a function of protein 

A wide range of increasing concentrations of protein kinase (0.33, 
/ . 

0.5, 0.66, 1, 3, 5, 10, 12, 25, 50 and 75 ~g) was incupated with 1 

picomole of 3H-cAMP· (10,000-12,000 CPM) in the absence or the presence 

of 50 ng of unlabeled cAMP, under the op~imal experimental conditions, 

described (see 11 lV1ateri a 1 s and ~1ethods 11
). The saturation isotherms 

obtained are shm~n in Figure 22. The bindi,ng data ~vere calculated by 

subtracti.ng either glass binding (left panel), or the binding in the 

presence of 50 ng of.unlabeled cAMP (right panel). Irrespective of 

the method of calculation used, the resulti.ng bindi_ng patterns were 

found to be similar (Figure 22). Bound cAr~P 'increased linearly and 

proportionally as a function of protein kinase concentrations up to 

approximately 1 .~9 of enzyme (see insets, Figure 22), after which the 

depletion of 3H-labeled cAMP was apparent at higher concentrations of 

the protein kinase. Seventy-five percent of the added.radioactivity 

was bound to excess protein kinase concentrations (~igure 22). 
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Figure 22 Saturation isoiherms of 3H-labeled cAMP as a function 

of protein.kin~s~ tO~c~~ttations. 

cAMP-dependent protein kinase binding assays were carried 

out by incubating 0.33, 0.5, 0.66, 1, 3, 5, 10, 12, 25, 50 

and 75 ~g of protein kinase with 1 picomole of 3H-labeled 

cA~1P ( 10,000 - 12,000 CPM) in the absence or presence of 

50 ng of unlabeled cAMP. Total reaction volume was 50 ~1 

in 0.05 M sodium acetate buffer, pH 4.0. The tubes were 

incubated in an ice bath for 1 hour and 20 minutes and then 

processed as described under "Materia 1 s and· t~1ethods". The 

binding data were analyzed by using the radioactivity bound 

by glass (left panel), or by protein kinase in the presence 

of 50 ng of unlabeled cAMP (right panel) as npn-specific 

binding, respectively. 
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2. cAMP-protein kinase binding at various protein kinase concentra-

tions 

The binding of 3H-labeled cAMP (1 picomoTe) using increasing concentra

tions (25, 50 and 75 ~g) of protein kina~~ in the absence and the pre

sence of various fixed concentrations of unlabeled cAMP has been in

vestigated. Data were corrected for non-specific binding by two dif

ferent methods (see Figure Legends 23 and 2~). When corrections were 

made for glass binding alone, the graphical .analysis of the data was 

very similar to that obtained after correction for non-specific bind

ing in the presence of excess unlabeled cAMP (compare·the.data:tn Fig

ure 23 with Figure 24). Therefore, two important features emerged 

from this study: nearly all the 'bi.Dding was ·speci.fically inhibi.ted by 

unlabeled hormone arid the ~lopes of the lines in Scatchard analysis 

were non-parallel. The apparent KM and Vmax values from Scatchard · 

plots were similar to those obtained through double-reciprocal plots 

(compare Figure 23C with 230 and Figure 24C with·24D). The appear

ance of ·the Scatchard pl,ots (Figure 230 and 240) was very similar to 

that of gonadotropin binding with particulate receptors (see Chapter 

A, Figure 8 and 9) .. In both cases, the apparent Kd value of the hor

mone for partic~late receptors increases with increase in receptor. 

site concentration as stipulated by· the dissociation model of the 

binding reattion. 

3. cAr~P-protein kinase binding at subsaturating concentrations of 

protein kinase 

In the preceding section, the concentration of the substrate required 

for half maximal binding of 3H-labeled cAMP was found to be 1 ~g/50 

r •• 
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~l (p < 0.001) (Figure 22). Therefore, the concentrations of protein 

kinase chosen to generate the double reciprocal and Scatchard plots 

~ n Figure 23 and 24 were much greater than ·K~~ values. To study the 

effects of subsaturating concentrations of protein kinase (below the 

~value) upon the-binding parameters in graphical analysis, the fol

lowing concentrations of protein kinase were chosen: 0.33, 0.5, 0.66, 

1, 2, 3, 5, 8, 10 and 12 ~g. Competitive inhibition plots of the-
i' 

data are displayed in Figure 25A and 25C. The graphical analysis of 

the binding data by the Scatchard analysis (Figure 258 and 250) re

vealed positive slopes, suggesting that the relationship between bound 

and free hormones at each of the protein kinase concentrat~ons is not 

linear and that the lower concentrations of the protein kinase are 

subjected to greater dissociation by the range of the cAMP concentra-

tions chosen. Therefore, a critical ratio of cAMP to receptor sites 

is required for reliable Bmax values to-be obtained. The negative 

slope in the Scatchard· plot is obtained only in the presence of satu

rating cqncentrations of protein kinase and the stipulation that true 

Bmax values be obtained in the presence of subsaturating concentra

tions of the substrate are not truly met under these conditions. 

4. Dilution effects upon 3H-labeled cAMP binding to protein kinase 

In order to verify the stability of the cAMP binding sites in the 

protein kinase system, the effect.of reaction volume was investigated. 

Three different approaches were adop~ed. The first app~oach involved 

a series of binding assays carried out in a different fixed volume of 

the reaction medium such that the concentration of labeled cAMP, un-

labeled cAMP and protein kinase were diluted. In other words, each 
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Figure 23 Effect of protein kinase concentrations on the binding 

parameters using radioactivity bound by glass as non

specific binding. 

The binding of 3H-labeled cAMP (1 picomole) to saturating 

concentrations ·of protein kinase.(25, 50 and 75 pg) in the 

absence and presence of unlabeled cAMP (0 through 50 pica

mole) was carried out as described in ''f"laterials and Meth

ods". The' data were obtained after correction of glass 

binding as non-specific binding. (A) shows the competitive 

inhibition plots of the raw data. ~After correction for the 

dilution of specific activity, the data were analyzed by 

hormone saturation curves (B), and then by Lineweaver-Burk 

plots (C), and by Sc~tchard plots (D). Lineweaver-Burk 

plots (C) show that the data when analyzed by linear·regres

sion yielded "r" values greater than.0.99 (p < 0.001) for 

50 and 75 pg. The Kd values at 25, 50 and 75 pg are: 0.134, 

· 0.620 and 1.325 picomole/50 pl, respectively. The corres

ponding Bmax values are: 1.139, 2.883 and 4.714 picomole/ 

50 pl, respectively. Scatchard plots (D), yielded regres

sion coefficients greater than 0.98 ·(p < 0.001) for 50 and 

75 pg. The Kd values at 25~ 50 and 75 pg_are: 0.256, 0.616 

and 1.334 picomole/5d pl, respectively. The corresponding 

Bmax values at 25, 50 and 75 pg are: 1.266, 2.877 and 4.732 

picomole/50 pl, respectively. Inset (D) shows the relation

ship between the Bmax values and the testicular homogenate 

concentrations. 
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Figure 24 Effects of protein ki~~se tonc~ntr~tions·on the binding 

parameters using·radioattivity·baund.bY.the protein· ki~ase 

in the presente af·5o ng·af·unlab~l~d-tAMP·a~ non~spetific 

binding. 

The same binding data shown in Figure 23 were analyzed by 

using the quantity of 3H-labeled c~~P bound by the protein 

kinase in the presence of 50 ng of unlabeled cAMP as non-

specific binding. This value was subtracted from the radio

activity bound by the protein kinase in the presence of les

ser amounts of unlabeled cAMP. Identical graphical analyses 

as those shown in Figure 23 were then.carried out. 

Lineweaver-Burk plots(C): The Kd value~ at 25, 50 and 75 

~g are: 0.1~9, 0.757 and 1.795 picomole/50'~1, respec-
I 

tively. The corresponding Bmax values are: 1.139, 2.631 

and 4.202 picomol~/50 ~1, respectively. Scatchard plots 

·(D): The Kd values at 25, 50 and 75 yg are: 0.318, 0.686 

and 1.747 picomole/50 ~1, respectively. The corresponding 

Bmax values are:· 1.364, 2.489 and. 4.110 picomole/50 ~1, 

respectively. 
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Figure 25 . cAMP-dependent protein kin~se binding as~ays carrie~ out 

at subsatur~ti~g co~t~nttati6n~ 6f.ptotei~·kinase. 

The range of subsaturating concentrations of protein kinase 
r 

( 0. 33, 0. 5, 0. 66, 1 , 2, 3, 4, 5, 8, 10 and 12 119) were 

selected according to the results obtained from saturation 

isotherm experiments as shown in Figure 22. Binding assays 

were carried out in the absence or presence of various con-

centrations of unlabeled cAMP (0 through 50 picomoles). 

Competitive inhibition plots and Scatchard analysis of the 

data generated by using 0.33 through 4 11g of protein kinase 

are shown in (A)-and (B),.respectively. Similar graphical 

analyses obtained by using 5 through 12 11g are depicted in 

(C) and (D). 
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set of tubes contained 1 picomole of 3H-labeled cAMP in the presence 

of 0, 0. 1 , 0. 2, 0. 5, 0. 7 5, 1 , 2, 5, 7. 5, l 0, 20, 30 and 50 pi como 1 e 

of unlabeled cAMP at a protein concentration of 75 ~g in a total vol

ume of either 50, 100, 200 and 500 ~l. After the incubation period, 

the data were converted into picomole of cAMP bound per ml. Competi

tive inhibition plots of the data are shown in Figure 26A. The bind~ , 

ing of 3H-labeled cAMP was inversely correlated with the volume of 

buffer added to the reaction mixture. The quantity of unlabeled cAMP 

required to displace 50% of the bound labeled cAMP also decreased as 

the reaction volume was increased (Figure 26A). This behavior was 

apparently simple and appeared to be competitive. However, the double 

reciprocal (Figure 26C) and the Scatchard (Figure 260) plots of the 

data were uncompetitive in nature. Both Bmax and Kct values decreased 

sharply as a function of reaction volume (Figure 26C and D): Bmax 

values being directly dependent upon the basal dissociation of protein 

kinase activity (vide infra). The behavior of the binding reaction 

was again unequivocally incompatible with the equilibrium interpre

tation and ligand occupancy. If the reaction was simple equilibrium 

association-dissociation, one would perhaps expect a single value for 

both the Bmax and· Kd va 1 ues. This was not the ca-se. 

To clearly see the effects of dilution on the ~H-labeled cAMP binding 

to protein kinase, a second approach was undertaken. In this case, 

the binding assays·were also carried out at 50, 100, 200 and 500 ~l 

of the reaction medium, but the amounts of both labeled and unlabeled 

cAMP for each set of tubes were correspondingly increased with in

creasing reaction volume. Thus, the final concentrations of l.igand 



(labeled and unlabeled) remained unaltered. Although the protein 

kinase concentration was diluted as a function of-reaction volume 
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(75 ~g of protein kinase per given volume)~ the total amount of en

zyme used was fully recovered following the incubations. The data 

were finally converted into the units of picomole bound per ml .and 

plotted_(Fig~re 27). The competitive inhibition plots and hormone 

saturation curves are displayed in Figure 27A and B. The Lineweaver

Burk and Scatchard plots of the data corrected for the reaction vol

ume were found to be curvilinear .and showed that the binding reaction 

was uncompetitive in nature (Figure 27C and D). Once again, both the 

Kd and th~ Bmax valu~s ~ecreased proportionally with increase in the 

reaction volume (Figure 27C and D; inset Figure 27D). Buffer volume 

itself promoted the basal dissociation of protein kinase, resulting 

in lower concentration of holoenzyme such that cAMP' stimulated dis

sociation of protein kinase became increasingly less. This poi~t was_ 

dramati6ally demonstrat~d when the binding data in 500 ~l reaction 

volume were analyzed by graphical _methods (Figure 27C and D). In 

this case, receptors were subjected to maximal stimulation due to the 

cumulative. effects contributed by both d-ilution and increasing free 

nucleotide concentrations. As a consequence, neither Lineweaver-Burk 

nor Scatchard plots provided reliable.e·stimate of the.·binding. para

meters (i.e., Kd and Bmax values) and the slopes of the lines were 

negative in double reciprocal and positive in Scatchard plots (Fig

ure 27C and D)·. 

The third approach involved the bihding of 3H-labeled cAMP in differ

ent reaction volumes (50 to 500 ~l) such that the concentrations of 
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Figure 26 The binding of 3H-labeled cAMP by·protein kinase as a 

function·of·reaction volumes. 

(A) The binding of 3H-labe 1 ed cAt~P by 7 5 119 of protein kin

ase in the presence of 0 through 50 picomole of unlabeled 

cArv1P was investigated at the reaction volumes indicated. 

Competitive inhibition plots of the binding data after mak-

ing corrections ·for the reaction volumes are plotted for 

each experimental set. (B) Saturation curves of the data. 

(C) Double reciprocal plots: the regression coefficients 

for all lines are greater than 0.98 (p < 0.001). The Kct 

values at 50, 100, 200 and 500 11l after correction are: 

14.705, 8.718, 3.698 and 1.692 picomole/ml/75 pg p~otein 

kinase, respectively. The corresponding Bmax values are: 

66.225, 40.816 '· 16.977 and 7. 490 pi como 1 e/ml /75 11g protein 

kinase, respectively. (D) Sc~tchard .plots: the regression 

coefficients for all cases are grea~er than 0.98 (p < 0.001). 

The Kd values at 50, 100,·200 and 500 11l are: 14 .. 388, 7.63~. 

3.584 and 1.266 picomole/ml/75 llg protein kinase, respec-

tively. The correspo~"di.ng Bmax v.alu~s are: 65.149, 37.279, 

16.554 and 6.595. p.icomole}ml/75 11g protein kinase, respec

tively. Inset (D) shows the rel ati onshi p between the Bmax 

values and the protein kinase concentrations. 
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Figure 27 Binding studies of 3H-labeled cAM~ to protein kinase in 

which th~ m~~s-6f·l~b~l~d ~nd ~nl~beled.cAMP·are increased 

in proportion t6"th~ re~ttion v6lum~s. 

The binding assays were carried out at the volumes indicated 

by using 75 ~g of protein kinase. The mass of labeled and 

unlabeled cAMP were proportionally increased with increasing 

reaction volume; therefore, the final concentration of total 

ligand (labeled and unlabeled) was not alteted. The data 

were analyzed after conv~rsion from picomole per given vol

ume to picomole/ml. (A) Competitive inhibition plots. 

(B) Saturation curves. (C) Lineweaver-Burk plots: the Kd 

values at 50, 100 and 200 ~1 after conversion are: 12.531, 

5.886 and 2.462 picomole/ml/75 ~g protein kinase, respec- · 

tively. The corresponding Bmax values are: 83.333, 40.016, 

and 25.068 picomole/ml/75 ~g protein kinase, respectively. 

(D) Scatchard plots: the Kd values at 50, 100 and 200 ~1 

after making corrections for the reaction volume are: 12;27~ 

6.690 and 3.058 picomole/ml/75 ~g protein kinase, respec

tively. The correspondi_ng Bmax values are: 81.806, 42.668 

and 26.590 picomole/ml/75 ~g protein kinase, respectively. 

Inset (D) shows the decrease of detectable bindi_ng sites as 

a function of increasing reaction volumes. 
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labeled and unlabeled·cAMP and protein kinase concentrations were cor-

respondingly increased for each set of tubes. Thus, the final concen

trations of the components of the reaction mixture were unaltered as 

a function of reaction volume. Binding data were analyzed as des

cribed previously. Competitive inhibition plots and saturation curves 

of the data are shown in Figure 28A and B, respectively. The amount 

of unlabeled nucleotide needed to displace 50% of the bound labeled 

cAMP decreased as the reaction volume was increased (Fi~ure 28A). 

The binding of cAMP was also inversely related to the fin~l volume.of 

the reaction mixture (Figure 28A and B). Once again, the Lineweaver

Burk and the Scatchard plots of the data corrected for the reaction 

volume indicated that the bindin~ reaction was not truly competitive 

in nature and the Bmax values, even in these cases, decreased with 

increase in the reaction volume (Figure 28C and 0, inset Figure 280). 

Although the con~entrattons of the total ligand (labeled and unlabeled 

cAMP) and of protein kinase were increased accordingly to compensate 

for the buffer dilution, the different lines were not superimposable. 

The non-competitive .nature of the data (Figure 28C~ emphasizes the 

observation that receptor dissociation can be:induced by buffer alone 

and proceeds at a basal rate; minimal when reaction volumes are sm~ll, 

maximal when they are large. It follows, then, that.the greatest n-.urn

ber of binding sites determinable would be at 11 011 reaction volume 

(Figure 28). Since this is experimentally unfeasible, the best alter

native is to replot the Bmax values from Scat~hard analysis of.the 

data obtai ned at two to four reaction vo 1 umes as shov.m in inset of 

Figure 280. The Bmax vaiue can then be obtained by extrapolation of 

the line to 11 011 reaction volume. 



G. SPECIFICITY OF THE 3H-LABELED cAMP-PROTEIN KINASE BINDING ASSAY 

The overall specificity of the cAMP-dependent protein kinase binding as

say has already been studied elsewhere (Gilman, 1970)~ However, the ef

fectiveness of cAMP, ScAMP and ScAMP-TME in diSplacing the binding of 

3H-labeled cAMP to protein kinase was investigated to compare the speci

ficity of interaction in this system with that of radioim~u~oassay system 

(see Figure 21 for compariso~ ~ith Figure 29}. Competitive inhibition 
. . 

plots of the cAt·1P:...protein kinase binding data a·re shd\'m in Figure 29. 

The most potent inhibitor of t!!e. 3H-labeled cAMP binding to protein kin

ase was cAMP fol·lowed by ScAt1P, or ScAJ~P.;.T~:1E (Figure 29). The succinyl 

derivatives of cAt·1P revealed lower affinity for protein kinase as against 

greater affinity displayed in antigen-antibody interactions (Figure 21). 
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Figure 28 Binding studies 6f 3 H-l~b~l~d cAMP to protein kinase in 

which the mass· of a 11 the react~nts i nvo 1 v~d Ci. e. , 1 abe 1 ed 

unlabeled cAMP and protein kinas~) are increased in propor

tion to the reaction volum~s. 

Experiments identical to those shown in Figure 27 were per

formed except that in this case protein kinase was also pro

portionally increased with increasing reaction volume. 

Therefore, final concentrations for all reactants involved 

were not altered. The binding data were analyzed as des

cribed_in Figure 27, after-making corrections for.the reac

tion volumes. The regression coefficients for all lines in 

Lineweaver~Burk plots- (C) are_ greater than 0.98 (p < 0.001). 

The Kd values at-50, 100, ·200 and 500 pl ~fter conversion 

are: 12.531, 8.319, 22.321 an·d 62.500 picomole/ml/given 

protein kinase, respectively. The corresponding Bmax values 

are: 83.333, 65.789, 69.783 and 58.139 picom61e/m1/given 

protein kinase, respectively. The regression coefficients 

for all lines in Scatchard plots (D) are greater than 0.94 

(p < 0.001}. The Kd values at 50, 100, 200 and S?O p1 after 

correction are: 12.274, 9.372, 20.876 and 52.110 picomole/ 

ml/given protein kinase, respectively. The corresponding 

Bmax values are: 81.806, 73.265, 67.410 and 51.276 picomo1e/ 

ml/given protein kinase, respectively. Inset (D) emphasizes 

that increasing reaction volume does, indeed, lead to a les-

ser number of detectable bindi_ng sites. 
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Figure 29 Competitive inhib1tion pl6ts 6f 3H-labeled cAMP binding 

to prot~in kiha~~ by·cAMP, StAMP.ahd.StAMP~TME. 

Varying amounts of cAI~1P or succinylated derivatives (0 

through 20 picomole) dissolved in 5 ~1 of 0.05 M sodium 

acetate buffer, pH 4.0 and 0.6 ~g of protein kinase were 

added under the conditJons described for cAMP-dependent 

protein· kinase binding assay (see 11 Materials and Methods"). 

Each data point represents the mean of duplicate determin

ations. Compare-the spec-ificity of this binding assay 

with that shown for the ScA~·1P-antibody system in Figure 21. 
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DISCUSSION 

The binding of gonadotropin hormones to particulate receptors of rat tes

tes has generally been assumed to follow a simple reversible bimolecular 

equilibrium similar to that proposed for many enzyme systems (for review, 

see Rodbard, 1973; Birnbaumer et ~' 1974). Extensive literature exists 

ih which the assumption is made that the amount of radioactively labeled 

hormone bound to gonadal receptor preparations .i!!. vitro is governed only 

by the concentrations of free hormone and receptor in the incubation mix

ture ( Ca tt et ~' 1972; Means, 197 3; Lee and Ryan, 197 3; Gas pod a rotAti cz., 

1973; Bhalla and Reichert, 1974a; Haour and Saxena, 1974; Rao, 1974; 

Ketelsleger et a·l., 1975; Tsuruhara et al., 1977). The free hormone con

centration is calculated by subtracting the amount of bound labeled hor

mone from the tot a 1 amount added. In the case of a ·sing 1 e independent and 

non-interacting class of binding sites, estimations of the equilibrium 

constant (Kd) and of the total number of binding sites (Bmax) per unit 

mass of receptor can be obtained through a variety of graphical methods 

(Hill, 1910; Lineweaver and Burk, 1934; Scatchard, 1949; Hofstee, 1960; 

Cleland, 1970; Rodbard, 1974; Segel, 1975). It is \AJell known that the 

interaction of 125 I-labeled gonadotropins with gonadal tissue can be 

i nhi bi ted by ana 1 ogous un 1 abe 1 ed hormone_. The mechanism of i nhi bi ti on, 

however, is not completely understood. Of the many possible explanations 

forwarded, only two are considered in the present study: one favors the 

equilibrium occupancy of a fixed number of receptor sites, while the 

other ~avers the excitation of the target tissue membrane leading to, or 

resulting in, alterations or dissociation of receptors. The results of 

the present investigation are not compatible with the first proposal. The 
'.. ' 

behavior of the binding parameters.was abnormal; while the affinity de-

144 
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creases with increasing receptor concentration, the Bmax values demon

strated a relationship which was both proportional and linear (Figure 5, 

6, 7, 8 and 9). This work shows that the equilibrium dissociation con

stant (Kd) and the number of hormone binding sites (Bmax) are highly sen

sitive to changes in hormone and/or receptor concentration .. The findings 

are difficult to reconcile with a traditional binding model based upon 

occupancy of receptor sites and the state of equilibrium implied. 

Binding sites in particulate form are also found to be very unstable and 

dissociate from the membrane as a function of time and reaction volume. 

The apparent binding parameters (especially Bmax values) are highlydepend

ent upon the quantity of buffer added to the binding reaction. .The expo

sure of the tissue to buffer prior to incubation \vith hormone also reduces 

the number of hormone-specific binding sites (Figure 10 and 11). These 

receptors or component(s) of receptors can be recovered in the supernatants 

following buffer preincubation studies in the form of 'factors' which were 

previously found to bind gonadotropin with high affinity and specificity 

(Bhalla et ~' 1976; 1977). Appearance of these soluble factors also 

correlated with the loss of receptors from intact testes in perifusion 

studies indicating a time-dependeni dissociation of receptors from the 

target tissue (Figure 18 and 19). We feel tha~ loss of. receptors cannot 

be explained by the presence of competitive inhibitors and/or hydrolytic 

enzymes in the particulate receptor preparation. Indirect support for 

this claim can be found by inspection of the data shown in Figure 10~ 

Dilution of the homogenate should also dilute the competitive inhibitors/ 

hydrolytic enzymes, thereby reducing the efficiency of their actions; the 

Bmax values obtained at higher reaction volumes should, therefore, be 
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greater. than those obtainad from Dndiluted· samples; but the results obtained 

were different: the apparent Bmax values at higher reaction volumes were 

smaller than those obtained at lower reaction volumes (Figure 10). 

In the course of this study, we have found no difference between the bind~ 

ing properties of labeled and unlabeled hormone (Figure 4). General cri-

- teria for equilibrium have been met. Cooperative interactions between 

hormone and receptors could not be detected (also see Bhalla et ~' 

l979a and Chen et ~' 1979). Among the data obtained there is evidence 

which s·uggests that there may be· two classes of hormone binding sites on 

the target cell membrane (see Figure 11 for a representative graph). The 

detection of these two classes of binding sites depends upon the relation

ship between the total quantity of hormone present and the concentration 

of tissue used in the assay. For example, it has been demonstrated that 

at a tissue homogenate level of 20 mg (wet weight) or greater, the high-
. -

affinity class of binding sites is evident only when total hormone pre-

sent is less than 20 ng, while the lower affinity class is evident '1/hen 

the tota'l hormone present is greater than 20 ng (Chen et ~' 1979). 

For the rapid equilibrium model to be applicable to the binding reaction, 

the hormone must bind to and occupy a~stable set of receptor sites. The 

affinity values of the hormone for the receptors should not change when 

receptor site concentrations are increased. This major requirement of the 

equilibrium model has not been met a~ both Kd and Bmax values increased 

linearly with increase in receptor concentrations. Another requirement 

of this model which failed to be substantiated by the results is that the 

receptors be a permanent part of the target cell membrane. Studies of 

hormone binding by tissue as a function of reaction volume have consist-
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ently sho~~ that recepto~s are not permanent components of the membrane 

and that they are subjected to continuous depletion. Caution, therefore, 

is warranted in assuming that Scatchard analysis of the equilibrium bind·· 

ing data yields a true Bmax value. These results indicate that the number 

of receptor sites on the membrane is not a constant value but changes as 

a function of reaction volume: the smaller the reaction volume, the 

greater the experimental Bmax value. It follows that the greatest Bmax 

value experimentally obtainable will be at 'zero' reaction volume which 

can be obtained by first carrying out the binding assay at several reac

tion volumes, then plotting the Bmax values (attained by Scatchard anal~ 

ysis) as a function of reaction volume, and extrapolation of those values 

back to 'zero' (Inset Figure 9). Same types of calculations may be appli

cable in the determination of the greatest experimental Bmax values for 

cAMP in the cAMP-protein kinase system, suggesting perh~ps that both 

ligand-receptor interaction systems may have a similar mechanism of bind

ing (for example, see Inset Figure 28). 

The appearance of graphs obtained by different graphical analyses was too 

complex for a gcinadot0opin~receptor bindihg reaction assumed to follow a 

simple occupancy model (Figure 6, 8 and 9); rather, they resembled those 

graphs obtained for the binding of 3H-labeled cAMP to protein kinase (Fig

ure 26, 27 and 28). We, therefore, believe that the binding reaction be

tween gonadotropin and its particulate receptors may also proceed via the 

same mechanism: H + R-E : HR + E, where H represents hormone; R is ·the 

receptor site, andR-E represents.loose coupling between receptor and 

enzyme at the membrane level. In this model, the equilibrium dissociation 

constants (Kd values) of the hormone for particulate receptor(s) represent 

), .... ... _: 
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half-maximal concentration of the free hormone required to detect the Bmax 

values. Therefore, when receptor concentrations are increased in the bind

ing assays, greater quantities of the hormone are required to detect 50~ 

of the hormone binding sites. Both Kd ~nd Bmax values would decrease lin

early as a function of receptor site concentrations. This implies that 

within a chosen range of hormone concentrations, the 1 ovJer the concentra

tion of the homogenate, the more potent the effect of hormone stimulation. 

This explains the unusual appearance of the Scatchard plots displayed in 

Figure 6. 

Based upon the observations discuss~d, along with the other evidence re

ported by this 1 aboratory ( Bha 11 a 1978, 1979; Bha lla et ~, 1979a, b; 

Gnanaprakasam et ~, 1979; Chen et ~' 1979), we have tentatively pro

posed a new binding model :fbr gonadotropin-particulate receptors {Figure 

30). What has generally been desiQnated as 'receptor' is being defined 

as the hormone binding component of the true receptor, the true receptor 

being a complex of the binding component and the .adenylate cyclase (i.e., 

the catalytic subunit of the true receptor, Figure 30). In the absence of 

the hormone, receptor dissociatioh proceeds at a basal rate (Eq. 1). The 

presence of hormone leads to the formation of H-R~M complex, where 'H' is 

the hormone, 'R' is the receptor loosely coupled to the cyclase, and 'M' 

is the adenylate cyclase. The H-R~M complex (not shown) may either be 

converted to the H-R---M complex by conformational change or dissociated 

into H-R+M, where 'H-R' is the dissociate hormone-receptor complex and 'M 1 

the inactivated adenylate cyclase remaining in the membrane (Eq. 2). We 

postulate that the adenyl ate /cyclase (M) must be coupled to the receptor 

(R) to be·susceptible to hormone stimulation, and the actual stimulation 
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takes place either at the •H-R-v~t· step (not shown) and/or at the 1 H-R---M• 

step. Once the receptor is dissociated, the adenylate cyclase will be in

active unti 1 ·a ne\~ly synthes i.zed ·receptor mo 1 ecul e is coup 1 ed to it. The 

dissociation of H-R from the target tissue cell membrane explains the lnss 

of high-affinity receptors in the presence of hormone. The binding of hor

mone to sites which lack the specific •R• could represent either nonspeci

fic binding or binding to lower affinity sites. The major difference be

tween the new model and the old (i.e.~ equilibrium model)· is that, in the 

new model, hormone is not necessarily retained on the tissue after the 

essential· event (i.e., the formation of 1 H-R---M 1 complex). 

With minor_modifications, this model resembles closely the one disiussed 

by Bo_eynaems and Dumont ( 1975) (a 1 so see Levey et ~' 1974; Swi 11 ens and 

Dumont, 1977). Our model differs from the classical equilibrium model in 

that the Kd value is not a measure of hormone affinity, but-represents the 

half-maximal concentration of the free· hormone required to detect the to

tal Bmax value. This reaction scheme is ·slightly different from that~pro

posed by Boeynaems and Dumont in that the overall binding reaction appears 

irreversible in nature and that the process of receptor ~issociation pro

ceeds even in the absence of hormone (albeit, at a greatly reduced rate) 

and is accelerated in the presence of hormone. This scheme re~uires· the 

resynthesis of factors or receptors during the phase when adenylate cyclase 

is active and cessation of-receptor synthesis when adenylate cyclase is 

inactive (desensitized state). 

Based upon a more comprehensive dual-function definition of a true recep

tor (i.e., •receptor• plus adenylate cyclas~ complex being the physiologic 

receptor), it appears that the. soluble factors (Bhalla and Reichert, 1974b; 
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Figure 30 A model proposed to illustrate the-overall hormone

receptor interaction. 

Eqn. 1 represents basal dissociation which may account for 

the basal activity of adenylate cyclase. Eqn. 2 represents 

hormone-induced receptor dissociation resulting in inhibi

tion of gonadotropin binding and concurren~ adenylate cyclase 

activity over and above its basal value. This model does· 

not consider receptor to be a permanent integral part of the 

membrane. This model is proposed on the basis of studies 

conducted using crude homogenate or broken ce 11 preparations. 

In intact cells, however, the receptors will have to be 

synthesized and translocated into the membrane for the 

expression of hormone binding and adenylate cyclase activi

ties. Those factors affecting adenylate cyclase activities 

such as the ava i 1 abi 1 i ty of substrate and t~g 2+ wi 11 a 1 so 

have to be accommodated in··this model. For the sake df sim

plicity, adenylate cyclase (i.e., without receptor) is con

sidered as a single subunit. The model was formulated ex

clusively for the high-affinity class of binding site. R, 

membrane receptor; M, membrane adenylate cyclase in inactive 

and· act'i ve · forms; H ~ hormone (see Bha 11 a· et · ~' 1979a) . 
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. - .. 

R .,-._ M ;::. R---M _. R + M ······· (I ) 
(Active) (Inactive) 

H+ R ,-...., M~ H-R--..:M _. H..;.R+ .M·······(2) 
C Active ) (Inactive) · 

Fig. 30 
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Bhalla et ~' 1976, 1977) are the hormone binding components of the re

ceptor complex and by inferenc~ also the component(s) which gives the com

plex its hormone specificity. The results indicate that these factors 

are released by the tissue at a certain basal rate which the presence of 

hormone· greatly accelerates, and the rate of acceleration is proportional 

to the quantity of hormone present (Bhalla et ~' 1979a). Hormone

receptor interaction following a reaction scheme of this nature will yield 

data which are superficially similar to those generated by competitive 

inhibition type of reaction not because more of the available receptor 
' . 

sites on the membrane are being occupied by the unlabeled hormone concen-

trations, but because more of them have been lost as a result of the greater 

quantity of unlabeled hormone present. Loss of receptors under such cir

cumstances will also explain the increasing Kd values observed and the 

apparent irreversible nature of the binding reaction. 

This model supports the work of several investigators who have recently 

reported the loss of hLH/hCG receptors following~ vivo injection of· hor

mone and the desensitization of adenylate ~clase following receptor loss 

(for references see_preceding section and 11 Review of the Related Litera

ture11). It also predicts that adenylate cyclase in the membrane is sen

sitive to hormone stimulation.only when it is coupled to hLH/hCG-specific 

soluble factors. The basal level of adenylate cyclase activity is a re

sult of basal dissociation of receptors (i.e., soluble factors). The 

presence of hormone, labeled or unlabeled, leads to a brief period of 

maximal cyclase activity followed by a period in which the tissue will be 

insensitive or refractory to further hormone stimulation; this period 'is 

the time required by the tissue to synthesize and translocate new recep-
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tors to the cell membrane where they can be coupled to adenylate cyclase. 

The loss of receptors and desensitization of adenylate cyclase are evident 

in both in vivo and in vitro systems, and the depletion of receptors may 

lead to exposure of non-specific binding sites which may interfere with 

the binding m~asurements. Further work to elucidate the relationship be-

·tween both high and low-affinity binding factors and adenylate cyclase 

·needs to·be undertaken. 

Although the validity of this model, needs to be rigorously tested, suffi

cient evidence has been presented to indicate that the classical m6del of 

hormone binding is not quite acceptable. The reaction scheme presented is 

overly simplified .. Parameters, such as rate of synthesis of receptors and 

their transld~ation, rate of depletion or shedding of receptors, rate of 

int~rnalization, and availability of MgATP have not been taken into accoun~ 

To further study the implications of this model as related to the biosyn

thesis of receptors, fluctuations in the levels of gonadotropin receptors 

were correlated with the formation of cAMP in rat testes. To achieve this 

objective, it was essential to establish a sensitive and dependable radio

immunoassay of cAMP so that the concentration of cAMP in unknown samples 

could be ~easured. Purification of 1251-labeled ScAMP-TME enabled us to 

achieve this goal~ The purified antigen so obtained was stable for a 

period of two months. The assay was economical to use and it resulted in 

little intra-assay variation. The anti-cAMP antiserum originally supplied· 

with a recommended working dilution of 100 to 250 fold could, in fact, be 

diluted to 300 to 2000 fold for equally reliable results to be obtained. 

The phosphodiesterase inhibitors in adenylate cyclase assays also did not 

i~terfere with the radioimmunoassay for cAMP. Therefore, further purifi-
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cation of 125I-labeled ScAMP-TME has been found to significantly improve 

the sensitivity, specificity and reliability of cAMP measurements by the 

radioimmunoassay described in this investigation (see· Rojas and Shalla, 

1979~1) ' 

Many investigators have previously shown that receptors are, somehow, 

coupled to adenylate cyclase at the membrane level (Rodbell et ~' 1971; 

Robison et ~, 1971 ;· Levey, 1973; Cuatrecasas, 1974; Bi rnbaumer et a 1., 

1974). However, according to the occupancy theory of hormone-receptor 

interaction, there appears to be a lack of correlation between hormone 

binding and adenylate cyclase activity (r~1oyle and Ramachandran, 1973; 

Catt and Dufau, 1Q73b; ·Koch et ~, 19_74; Mendelson et ~, 1975; Esfahani 

et ~·, 1976; Bockaert et ~, 1976, Clark and Menon, 1976). On the other 

hand, the binding model proposed herein predicts a coupled relationship 

between the binding component and the adenylate cyclase activity. 'To 

study this phenomenon, the r~lationship between the number of gonadotropin 

binding sites and the production. of cAt·1P following .:!B_ vivo hormone, as 

well as aqueous ethanol administration, were undertaken. We have found 

that a· qualitative relationship exists between high-affinity receptor site 

concentration and physiologic response: when receptor levels ·are high, 

hLH can promote an increase .. in cAMP levels, but when receptor levels are 

low, that effect is not seen. This pattern was seen after one, as well 

as after two, injections of hCG (see Figure 15 and Figure 16). 

Studies carried out using aqueous ethanol showed th~t ethanol was much Tess 

effective in its action than hormone, but even so, an excellent correla

tion between receptor loss and diminished level of cAMP was evident (see 

Figure 17). Although the physiologic mechanism of ethanol action on the 
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testis remains to be determined, two specific parameters of gonadotropin 

action on the testis have been measured and-were found to be related, sug

gesting, perhaps, that ethanol may effect adenylate cyclase through de

pletion of gonadotropin binding sites. These results could explain testi-

cular atrophy, reduced steroidogenesis, and impotence, all of which are 

problems associated with chronic alcoholics (Van Thiel et ~' 1975, _Badr 

and Bartke, 1977). These findfngs tend to support the previous observations 

that aqueous ethanol solubilizes gonadotropin binding sites fro·m testicu

lar homogenate .:!...!l_ vitro and that extracts of testicular tissue so obtained 

contained the high affinity· sites for gonadotropins (Shalla and Reichert, 

l974b; Shalla, 1978; Shalla et ~' 1976, 1977, 1978). Our data also sug-

. gest that receptor loss results in diminished activity of the adenylate 

cyclase, and that the loss of receptors, in turn, can be correlated with 
\ 

the appearance of soluble factors in the eluates of perifusion experiments 

(Figure ··19). 

'In addition to receptor loss, other possible mechanisms for desensitiza

tion of adenylate cyclase and tissue-desensitization have been forwarded 

for hormone-receptor mediated biologic reactions. These include a defect 

in coupling between hormone and adenylate cyclase (Sockaert et ~' 1976), 

hormone-induced increase in phosphodiesterase activity (~1anganiello and 

Vaughan, 1972; 01Armiento et ~' 1972), or the synthesis of inhibitors 

of hormone-receptor or hormone responsive adenylate cyclase activity 

(Levey et ~, 1975; Fain and Shepherd, 1975; Ho et ~, 1975; Jang et ~' 

1976; .Re:ichert and Abou-Issa, 1977). In our studies we measured the bind-

ing activity using broken-cell preparations while cAt,1P production was 

measured using intact testes known to possess phosphodiesterase activity 
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and capable· of synthes i'zi ng i nhi bi tors/activators. Howev,er, a good cor

relation b·etween the tvJO parameters, obtained despite the major difference 

in the integrity of experimental material, cannot be adequately explained 
\ 

by a defect in. coupling, increase in phosphodiesterase activity, and/or 

the synthesis of i.nhi~itors. Our investigations support the view that 

receptor synthesis is related to adenylate cyclase activation and receptor 

loss to its desensitization. Further work is heeded to conclusively es

tablish this hypothesis, however. 



SUMMARY 

The present study represented an attempt to understand the nature of 

interaction between gonadotropins and particulate receptors. The results 

obtained revealed c~rtain features concerning the reaction which was not 

resolved by a simple ~imolecular model of binding. The reaction was 

highly dependent upon the critical concentrations of the reactants, such 

as the labeled hormone and the particulate receptor concentrations. In 

addition, it was shown that the volume of the buffer added to the incu

batjon mixture alone affected the binding parameters (i.e.,. Kd and Bmax 

values), an observation which was difficult to reconcile with the tradi-

tional assumptions of the rapid equilibrium model. The data supported 

the concept that the depletion of receptor sites from the homogenate pro-

ceeds at basal level and is dependent upon the time and buffer volume. 

In vivd injection(s) of gonadotropin or aqueous ethanol resulted in de----

creased number pf hCG/hLH binding sites twenty·four,hours after adminis-

tration; the values did not return to normal until at least seven days 

had passed. The depletion and replenishment of binding sites were well 

correlated with decrease and-increase of cAMP production, respectively, 

as determine~ using a modified radioimmunoassay for cAMP established dur

ing these studies. This finding suggested the existence of a qualitative 

relationship between the high-affinity binding receptor site concentration 

and physiologic response. 

Finally, graphical analyses of the data from different experiments per

formed with hCG-receptor system were comparable with graphs obtained for 

the binding of 3H-labeled cAr~P to protein kinase, a binding system known 
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to follow a dissociation binding model. The data supported the conclu

sion that gonadotropin interaction with particulate receptors proceeds 

~ccording to the scheme postulated for the binding of cAMP with protein 

kinase with some differences which are discussed in detail along with the 

significance of the proposed binding model. 
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