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ABSTRACT

A critique of the cCAMP second messenger concept is offered in the light of
recent experiments with ACTH derivatives, phenoxazones, and rat isolated
fat and adrenal cortex cells. It is proposed that enhancement of cAMP pro-
duction is an event paralleling lipolysis and steroidogenesis, and that it contains
an element of ‘emergency’. The latter responses might depend on hormonal
stimulation of a system capable of utilizing background amounts of cAMP and
of producing cAMP homoiostasis. It is experimentally demonstrated for the
first time that the fat cell membrane contains dormant ACTH discriminators
constituting a discriminator reserve capable of being mobilized and converted
to additional hormone receptive, functional discriminators. The findings are
discussed in terms of classical receptor theory and of the non-stoichiometric,
floating receptor concept.

ABBREVIATIONS
Amino acids and peptides according to the IUPAC-IUB recommenda-
tions. ACTH denotes adrenocorticotropic hormone. cAMP, adenosine
3',5-cyclophosphate. EGTA, ethyleneglycol bis-(dicarboxymethylamino-
ethyl)-ether.

INTRODUCTION

I am convinced that the molecular biology of polypeptide hormones is not
only a fascinating area because of the interdisciplinary approach necessarily
involved in its study, but also an important one, because it promises insight
into a poorly understood, but essential function of the cell membrane:
information transduction. One- and three-dimensional organization of
information in polypeptides and its read-out by macromolecular transducing
devices of the target cells, the receptors, have been recurring themes of a
number of publications and lectures during the past ten years (References:
cf. ref. 1).
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THE ¢cAMP SECOND MESSENGER THEORY

According to Sutherland and his school, many polypeptide and catechol-
amine hormones react as first messengers with target cell outer membrane
surface ‘receptors’ to enhance cAMP production by the enzyme adenyl
cyclase which is located on the inner membrane surface. The additional,
internal cCAMP then acts as second messenger, triggering responses which are
absolutely cell specific. The theory postulates discrete, causal steps: Hor-
mone —» cCAMP — Response, formally resembling the genetic ‘dogma’:
DNA — RNA - Protein. For example, ACTH, glucagon, and adrenalin
induce cAMP production in fat cells (adipocytes, lipocytes), the cell-specific
response to these hormones is lipolysis. Lipolysis is supposed to be a conse-
quence of the cAMP concentration rise above background and to be
completely detached from any further hormone action. Adrenal cortex cells
are believed to respond to ACTH-induced cAMP with enhanced steroido-
genesis, melanocytes with melanin granule dispersion. Many hormone
actions can be mimicked by external application of mono- and dibutyryl
cAMP to target cells. In contrast to cAMP which only in a few cases can
replace the hormone, these more lipophilic compounds are believed to
penetrate the cell membrane and to be hydrolysed to cAMP in the cyto-
plasm. An impressive amount of evidence has been accumulated in favour of
the cCAMP second messenger concept? 3.

It has been demonstrated that, in the case of adipocytes, the different
hormones react with different, hormone-specific surface ‘receptors’ or
‘discriminators™~7. The hormone—‘receptor’ complexes then react with one
and the same set of adenyl cyclase enzyme molecules, triggering their action.
A careful kinetic analysis of published data from well-documented sources®
supports this view and stresses the points that: (i) there need not be a stoichio-
metric relationship between hormone ‘receptors’ and adenyl cyclase, (ii) that
the affinity between ‘receptors’ and adenyl cyclase is greatly increased when
hormone is ‘bound’ to the ‘receptor’, and (iii) that the ‘receptor’ and/or the
adenyl cyclase molecules can be freely ‘floating’ in the membrane (lateral
diffusion). The author calls this the ‘non-stoichiometric floating receptor
model’.

In the following. I shall call the hormone-specific, functional binding sites
on the outer surface of the target cell plasma membrane discriminators
(according to refs. 9, 10), the enzymes or other proteins on the inside which
are directly stimulated by the discriminator-hormone complex apo-receptors.
and the discriminator-apo-receptor system (complex) holo-receptor.

QUESTIONING THE cAMP SECOND MESSENGER CONCEPT

Lang and Schwyzer'' have recorded a case that is difficult to explain by
the second messenger concept. We found that 3.5 x 1078 M ACTH produces
in isolated lipocytes both a short burst of cCAMP that reaches its maximum
within five minutes after hormone application and decreases to background
levels within about twenty minutes, and a prolonged (1.5-2 hours), steady,
increased rate of lipolysis. The two phenoxazones tested, actinocin (2-amino-
4.6-dimethyl-phenoxazone-(3)-1,9-dicarboxylic acid) and its peptido deriva-
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tive, actinomycin D, almost double the rate of ACTH-induced lipolysis, but
decrease the accumulation of cAMP to zero (no increase above background
levels). This could mean that (i) ACTH-sensitive lipolytic holo-receptors that
can be made more responsive by phenoxazones occur in parallel to the adenyl
cyclase holo-receptors which are desensitized by phenoxazones, or that (ii)
ACTH-specific holo-receptors exist which simultaneously utilize background
amounts of cAMP to produce lipolysis and operate a regulation mechanism for
cAMP homoiostasis. Activation of adenyl cyclase and negative feedback
would be essential for cAMP regulation according to (ii). Ho and Sutherland*?
have postulated formation and release of a hormone antagonist by cAMP in
adipocytes; its relevance in connection with our findings remains to be
investigated.

Our subsequent work in this area has substantiated our doubts as to the
validity of the cAMP second messenger concept, has revealed an unexpected
phenomenon: ‘Discriminator Reserve Mobilization’, and has given support
to the concept of non-stoichiometric floating discriminators and apo-
receptors.

DISCRIMINATOR RESERVE MOBILIZATION

In order to complement our knowledge on hormone receptor interactions
from a different viewpoint, we decided to investigate the number of ACTH
binding sites on isolated adipocytes, some thermodynamic properties of the
hormone binding site complex in situ, and the possible influence of phenox-
azones and EGTA (calcium depletion and ACTH action inhibition*~!¢, Our
results have, in part, been preliminarily communicated' '’.

We synthesized chemically (from amino acids) the ACTH analogue
[2-phenylalanine, 4-(4',5-dehydro-4',5'-ditritio)-norvaline |-ACTH~(1-24)-
tetrakosipeptide, (Phe?, Nva(t,)*)-ACTH—(1-24) in a very pure state. It was
found to be a full agonist with regard to lipolysis in rat isolated lipocytes,
and to steroidogenesis and cAMP production in rat isolated adrenal cortex
cells. However, its potency is about ten times lower than that of the corres-
ponding peptide with the natural sequence, ACTH—(1-24), containing
tyrosine and methionine in positions 2 and 4, respectively!® '%. We used the
compound for binding studies with isolated adipocytes, prepared according
to Rodbell2®. Specific, reversible binding was measured by the method of
Cuatrecasas?!, adapted to our problem.

The principal results from some 100 experiments are:

(i) The isolated adipocytes are a nearly Gaussian-distributed population
of spherical cells with diameters ranging from 20 to 100 p. The mean diameter
was found to be 49.4 4+ 7.0 p with 95 per cent confidence limits of +0.18 p,
The mean surface area is 62.4 x 10 p? per 7800 cells (1 mg dry weight).
These results were obtained with a Coulter Counter, courtesy of Dr Peter
Moser, Basel.

(i) In the concentration range of 5 x 107!% to 5 x 1078 M hormone
analogue, binding is very rapid and easily reversible (at 37°C, equilibrium is
reached within one to two minutes).
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(iii) In the same concentration range, with and without addition of 107 ° M
phenoxazone, apparently one homogeneous class of binding sites is operative
(linear correlation coefficients 0.93 and 0.96, respectively).

(iv) The apparent association constants are: K__ = 7.3(+0.8) x 10"M !
(Scatchard), 9.3 x 10’ M ™! (Hill), and 7.8 x 10" M ! (Lineweaver-Burk)
without phenoxazone, and K, =67 (£1.2) x 107M™"' (Scatchard),
9.7 x 10" M~ ! (Hill), and 8.7 x 10" M ™! (Lineweaver-Burk) with phenox-
azone. The Hill coefficient. a certain measure of cooperativity, was found by
an iterative method*? to be of the order of 1.3 in both cases.

(v) The mean apparent dissociation constant values, K;, = 1.2 (1) x
1078 M (with and without phenoxazone) coincide very nicely with those
calculated from the lipolytic potency (hormone concentration at half-
maximal response), namely 8.7 (4+-3.3) x 10™% M. The potency was recalcu-
lated with a non-linear iteration procedure (programme DOLORES) from
the data recorded in the paper by Lang et al.!® by Dr J.-L. Fauchére in our
laboratory.

(vi) The number of binding sites per square micrometre was calculated as:
316 (Scatchard) and 287 (Hill), without, and 582 (Scatchard) and 472 (Hill),
with phenoxazones. Phenoxazones cause a mean increase of binding sites of
about 175 per cent (530 versus 300y which again corresponds closely to the
observed increase of lipolysis rates'!.

(vii) Although Ca?* depletion by EGTA abolishes the lipolytic response
completely, no change of binding properties is observed.

(viii) Assuming that one macromolecular binding site would occupy
approximately an (ample) membrane surface area of 2500 A2, we find that
0.75 per cent of the cell surface is occupied by ACTH binding sites without,
and 1.3 per cent with added phenoxazones. Lefkowitz, Pastan and Roth?3+2%
arrived at the following figure for ACTH binding: 360000 sites per cell
(K, =3x10"M™"), or 600 sites/u?, or 1.5 per cent of the cell surface
reserved for ACTH binding (recalculated on the assumption that the cells
are cubic with 10 A sides).

(ix) The apparent dissociation.constant for the peptide with the natural
sequence, ACTH—(1-24), is approximately 1.2(+3) x 10" M (from binding
inhibition studies), again comparing well with the apparent lipolytic potency
value of 7.5 (+2) x 1071 M'?,

{x) Other lipolytic hormones, like glucagon and adrenaline, do not inhibit
[Phe®. Nva(t,)*]-ACTH—1-24) binding. They do not interfere with
ACTH—1-24) binding competition. This strongly supports the view men-
tioned above that different hormones bind to different discriminator sites* .
Antagoniststowards ACTH action in isolated adrenal cells, p.e. ACTH-{(7-24)-
octadecapeptide (unpublished) and ACTH—(11-24)-tetradecapeptide?®, also
antagonize fat cell binding.

The conclusions from this part of our study are the following:

(i) The observed binding sites are functional discriminators of holo-receptors
functionally connected with lipolysis because of (a) the parallel influences of
the phenoxazones on binding site number and on lipolysis rate, (b) the
characteristics of binding inhibition by various agonists and antagonists
(vide supra), and (c) the coincidence of the apparent dissociation constants
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derived from binding and from lipolysis data (for possible objections to this
last point, vide infra).

(i1) The fat cell membranes contain a discriminator reserve that can be
mobilized from a dormant to a hormone receptive state of the molecules.

(i1i) If discriminator reserve mobilization by the phenoxazones were found
to have its physiological correlate (not involving phenoxazones!), this would
indicate that hormonal regulation would not only depend on hormone
blood levels, but also on the variable receptivity of target cells (proportional
to the discriminator number).

HORMONE-GUIDED ¢cAMP ACTION

Survey

One of the critical points in the cAMP second messenger theory is the
difficulty of explaining the fact that in spite of existing, sometimes rather high
background cAMP levels, relatively small concentration rises should be
able to produce the hormonal response. To resolve the problem, the idea
of cAMP compartmentalization is often invoked. Compartmentalization is
visualized as the existence of different cAMP chemical potentials at various
strategic points within the cell. Results described in the following para-
graphs suggest that the sensitivity of certain mechanisms utilizing cAMP
for response generation is increased by the hormone, so that even cAMP
background levels become operative.

Should, however, cAMP resources begin to decline, response intensity to
decrease, and, consequently, larger amounts of hormone to appear in the
blood, then adenyl cyclase would be activated and more cAMP produced.
This view agrees with the (new) fact that, at least in isolated adrenal and fat
cells, cAMP accumulation operates on a considerably higher hormone level
than either lipolysis or steroidogenesis.

Activation of adenyl cyclase can be the result of (i) stimulation by
hormone-discriminator complex of the adenyl cyclase apo-receptor, and/or
(i) the attenuation of a feedback mechanism which inhibits adenyl cyclase
and/or activates cAMP degradation (phosphodiesterase), or does both, and
originates somewhere within the hormone-sensitive step: cAMP — Response.
Elevation of cAMP concentration by hormone is thus not the stimulus for
target cell response, but bears certain characteristics of an energency event.
(It should be pointed out that in many studies on cAMP stimulation,
hormone doses are far in excess of the physiological range necessary for
overt response.)

The revised scheme would then be (assuming feedback mechanisms):

cAMP AMP

3]
/
AN

Hormone

Response
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wherein: 1 denotes the hormone's principal action (stimulation of CAMP-to-
response conversion and. more generally, response generation): 2 is the
hormone’s auxiliary action (adeny! cyclase stimulation): 33" are feedback
regulation where 3 is inhibition of cyclase, and 3. activation of cAMP
phosphodiesterase.

Definitions

A few definitions which might be useful for rcading the next paragraphs
are as follows:

[H].[D]. and [A]: hormone. discriminator, and apo-receptor concentra-
tions.

[H].,: hormone concentration necessary for eliciting 50 per cent of a
given. maximal response (indicated as superscript).

Oy: occupancy, expressed as observed discriminator occupation by
hormone divided by maximal occupation, or hormone discriminator com-
plex concentration divided by the total concentration of receptive discrimi-
nator:

Oy = 0/0__ = [HD]/[D]

max tot
Ry: responsivity (fractional response), given by observed response
intensity divided by maximal response intensity:

Ry = R/R__: R =R__ .. Ry = 1(or 100 per cent)

ax max

ACTH potency differences between cAMP and response stimulation

Comparison of log dose/response curves for the stimulation of steroido-
genesis and cAMP accumulation in isolated adrenal cortex cells by ACTH
and various analogues®” *® reveals onc striking characteristic: the [H],,
value for cAMP is almost invariably 20 to 40 times greater than that for
steroidogenesis. Observations on isolated fat cells reveal the same general
trend with probably an cven greater difference (unpublished). The situation
is schematically illustrated in Figure 1. According to the cAMP sccond
messenger theory this would imply that a 0-2 per cent increase of cAMP
over background levels would suffice to cause 15-30 per cent totally possible
steroidogenesis. Classical receptor theory would explain this with the assump-
tion of a large receptor reserve (cf, Rudinger, Pligka and Krejci??). However,
a device sensitive enough to work with such small concentration differences
against a large. fluctuating background is hard to imagine. Furthermore.
our binding studies have introduced 4 new complication, because the binding
curves coincide with lipolysis and not with cAMP or cyclase stimulation
curves. We envisage two possible explanations bascd on classical receptor
theory.

The first one. shown in Figure 2, assumes cAM P to be the second messenger.
It combines two features observed in isolated adrenal and fat cclls into an
idealized cell:

(i) Responsivity for response 1 (R1) requires a 20 times larger hormone
concentration than cqual responsivity for response 2 (R2), if response 1 s
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Steroids cAMP

0.9

* /

R/RTT\GX

20 40 rel Doses
(log. scale)

Figure 1. Relative log dose/response relationship for ACTH agonists in isolated adrenal cells

identified with cAMP accumulation and response 2 with steroidogenesis or
lipolysis:

Ry' = Ry? . [H]},/[H]?, =20

(ii) The ratio [H]9,/[H]%, = 1. This reflects the observed coincidence
between occupancy (binding) and lipolysis curves in isolated lipocytes. If
cAMP is regarded as the second messenger, this coincidence must be purely
fortuitous, and the information transduction events the following: (a) Occu-
pancy of discriminators produces a proportional stimulus which activates
the apo-receptor adenyl cyclase. In order to shift the R1 versus log [H]
curve to 20 times larger hormone concentrations, a large discriminator or

O,R2 RI(cAMP)
|

Observation // ‘l
Occupancy = R2  [Holyy = 1
RI (cAMP) (Holsy = 20-40 N/
log [Hol
ind S 0~Ri ’
Occupancy (~stimulus) - 22> R1{c AMP) functional /
y
Threshold ~30- 90" Thfes“‘y/
‘Soft’ 'Hard’ S
R2<+—R1
Second mess, {(R1) ——> Response 2 r‘ ﬁeceptor
reserve’
Receptor reserve ~30 - 9U% ]
'Soft’ 'Mard’ functional
(Ho) 1 20

Figure 2. Receptor events assuming cAMP == second messenger (occupancy ~ R2 is fortuitous
coincidence)

305



R. SCHWYZER

stimulus threshold must be overcome, before cAMP production substantially
starts. This threshold amounts to 90 per cent of the discriminators (or of
their stimuli) in the case of a linear occupancy-to-R1 relationship (‘hard’
threshold). If a non-linear relationship is operative, the threshold must be
‘soft’ and become increasingly ‘leaky’ above about 30 per cent occupancy.
(b) In a second step, cAMP is converted to response 2 in such a manner that
the R2 curve is shifted back to 20 times lower [H],,. According to classical
theory, this can be accomplished with a large receptor reserve. In our case,
only between 0-10 per cent or 0-30 per cent of the CAMP that can be
produced maximally is actually needed for eliciting a full response 2(R2 = 1),
assuming ‘hard’ or ‘soft’ receptor reserves, respectively.

0.R2 Rl (cAMP)

Observation /

Occupancy ~R2 [Holgy =1

R1 (cAMP) " =20-40

log(Ho]
i 0-—R2

QOccupancy (~stimulus) 0O »R2 Y,

No observable threshold. /

Slight receptor reserve? L /

0—R1

Occupancy (~stimulus’) ——R1 (cAMP) funcﬁonclA /

Parallel event with high threshold. Threshold

c¢AMP production only in emergency (high //

hormone concentrations)?

Figure 3. Receptor events assuming cAMP # second messenger (occupancy ~ R2 is meaning-
ful coincidence)

The second explanation, based on classical receptor theory is shown in
Figure 3. 1t assumes ¢cAMP not to be the second messenger for R2. The
suppositions and idealized observations are the same as in Figure 2. The
coincidence between occupancy and R2 now becomes more meaningful in
the sense that there is a closer connection between the two. The stimulus
initiated by discriminator occupancy would more directly induce R2, and
neither threshold nor receptor reserve need be invoked (in the reality of the
isolated adipocyte, a small difference between K, for occupancy and R2
might call for a slight receptor reserve). The same occupancy, or another
occupancy (O, not separately observable because of too small a difference
in K__, involving either the same or another set of discriminators, vide infra)
and 1ts derived stimulus (S’), would then induce R1. This would be an event
parallel to that of R2 induction. Its purpose would be different (emergency?
homoiostasis of background cAMP?), it would require higher hormone
concentrations than R2, and be operative with a high apparent O — Rl
threshold.

Quite obviously, the second mechanism is simpler and more straight-
forward. Keeping in mind the inadequacies of our assumptions and generali-
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zations, the preliminary nature of many observations, and the fact that they
are derived from cells in isolated state instead of in situ, the conclusions
must remain only suggestive until more material accumulates in their
favour. Such material will be discussed in the following paragraphs.

Dissociation of cAMP from response stimulation

(N*-Dansyllysine?! - ACTH—(1-24)-tetrakosipeptide®®—3* is a full agonist
[same maximal response as ACTH—(1-24)] in isolated adipocytes and adrenal
cortex cells with respect to lipolysis and steroidogenesis (R2), and cAMP (R1,
measured as adenyl cyclase activation in fat cell ghosts and as cAMP
accumulation in isolated adrenal cells?”). Whereas its potency is between
five and twenty times lower ( [H]50 ~ 5-20 times higher) than that of
ACTH-(1-24) in the R2 experiments, its potency with respect to cAMP (R1)
is equal. Here, we have an exceptional case with [H]SO/[H] = 0.2-0.05
instead of 20-40. Within a certain hormone concentration range, a large
amount of cAAMP will be stimulated, but only a very small amount of lipolysis
or steroidogenesis. This is indicative of a drastic change in the threshold and
receptor reserve situation induced by the dansyl substitution. The dansyl
group lies well to the far side of the address part! of the molecule, but it
could influence Trp®, which is an essential component of the message part,
by electronic interference®?

In the light of the ‘non-stoichiometric floating discriminator/apo-receptor
model’, we could envisage a differential interaction between the ACTH-
analogue:discriminator complex and two apo-receptors:adenyl cyclase on
the one hand, and a lipolytic or steroidogenic apo-receptor on the other:

{HD} + A' = {HDA!} K,

{HD} + A? = {HDA?} K%

{HD} + A' = {HDA'} 'K}

{H'D} + A* = {H'DA?} 'K}
In these apo-receptor—holo-receptor equilibria (subscript A of the apparent
association constants K), H is reference ACTH—(1-24), H' is [Lys(Dns)*!-
ACTH-(1-24), D is the (common) discriminator, A! is the cyclase, and A?
the R2 apo-receptor. Our situation can be explained in terms of differences
between the respective K-values:

K=Kl KI <K

This is identical with saying that the stimulus produced by hormone deriva-
tive binding is different from that produced by reference hormone b1nd1ng
(vide infra).

The theme recurs in some recent observations on the behaviour of isolated
adrenal cells in the presence of some new, synthetic ACTH-analogues?®. The
differential stimulation of steroidogenesis (R2) and cAMP accumulation (R1)
is dependent on details in the message part (amino acid residues ~ 5-10) of
the hormone. ACTH—(7-23)-amide is a competitive inhibitor for both R1 and
R2. The analogue ACTH—(7-24) was found by Ursula Lang and Jean-Luc
Fauchére in my laboratory to behave similarly with adipocytes. Both
contain the strongly reduced message sequence (7)Phe-Arg-Trp-Gly-
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attached to the address sequence 11-23 or 11-24. N-terminal addition of
histidine No. 6 produces ACTH—(6-24)-nonadecapeptide, a partial agonist
for R2 [reaching 40 per cent of the maximal response attainable by ACTH~-
(1-24)]. but an antagonist to R1. ACTH—(5-24)-eikosapeptide is a full agonist
for R2 and a 45 per cent partial agonist for R1,witha ratio [H]{,/[H]Z, = 31.
Elongation of the hormonal message from residue 7 — 5 produces first a
stimulation of R2 and second a stimulation of ‘second messenger’ which is
the inverse sequence to that postulated by the second messenger theory.
Steroidogenesis can be triggered in isolated adrenal cells despite antagonistic
blockade of adenyl cyclase.

A strong dissociation is observed for (N'-nitrophenylsulphenyl-trypto-
phane®»-ACTH-(1-39)-nonatriakontapeptide: it is a 77 per cent agonist for
R2 and a 99 per cent antagonist with only very weak (I per cent) agonistic
properties for R1. [H12 is 100 times that of ACTH-(1-24)*®. Ramachandran
reports similar results?*.

In conclusion. then. these results show that with chemical manipulation
of the information in the hormonal message part alone. stimulation of the
cAMP response can be dissociated from that of steroidogenesis and lipolysis.
They call for the consideration of two receptors, one for adenyl cyclase, and
one for R2 stimulation. A preliminary explanation was offered on the basis
of the ‘non-stoichiometric floating discriminator/apo-receptor model’.

Further experiments, summarized below, indicate that, apart from having
two receptor mechanisms [1 and 2 in scheme (1)], we are most probably also
dealing with feedback mechanisms [ scheme(1)],and with asituationinvolving
one type of discriminator and (at least) two types of apo-receptor [ scheme(2)].

Isolation of the ACTH mechanism

We found that. in the adipocyte (the adrenal cortex cell is presently being
investigated), the hormonal mechanism of ACTH can be distinguished from
that of other hormones. Phenoxazones and EGTA (Ca?* -depletion) are the
tools used in our study.

After careful control without hormone, with other hormones, with
dibutyryl cAMP, and with different antibiotics, the results summarized in
Figure 4 were obtained with whole isolated adipocytes in the presence of
ACTH (adrenaline and glucagon behave quite differently):

(1) Standard events: ACTH—(1-24) (natural amino acid sequence) is bound
by approximately 300 discriminators per p? cell surface with K, >~ 10" M~ ':
this is assumed to be the normal, or standard discriminator situation (+).
This quantity and quality of binding is expected to give rise to a stimulus
(signal) of normal strength (indicated by the simple arrow, —) directed to-
wards the cyclase apo-receptor. The response of the cyclase is indicated in
terms of ¢cAMP accumulation above background values (about 150-250
per cent of background) versus time. The peak is reached after about five
minutes following the application of 3.5 x 108 m ACTH—(1-24). This is
assumed to be the standard response, and the integrated amount of cAMP
present above background is designated as (+ ). The stimulus resulting from
this amount of ‘second messenger’ is, again, taken as standard (—); so is the
observed lipolysis rate enhancement ( + ).

308



AN ALTERNATIVE TO THE cAMP SECOND MESSENGER CONCEPT

CYCLASE LIPOLYSIS

Kass D/ AHo=10%10107"m ) ADIPOCYTES

109 |300 D TANEEY S L=z +| ACTH  (~35x10-8 M)
10° (300 |+ (o [/ [l -| +EGTAx0? (-Ca?')
10° (600 | ++ =5/ [ -["  [kes=m++{ +'PHENOXAZONE'XIO®
100 1600 | ++ = |—wF=/ | -| +EGTA +PHENOX.

‘GHOSTS"
SN T« T TACTH (-5x08m)
(#? ~+(-) +EGTA  (-Ca?*)
R - +PHENOXAZONE

(+4)? = ++(-) +EGTA +PHENOX.

Figure 4.

(ii) Pre-incubation (ten minutes) with 107>M EGTA before hormone
addition (reducing considerably the Ca®" levels, cf. refs. 13-16) causes no
change at the discriminator level (+) and, presumably, of the stimulus (—),
but cAMP production appears sustained, and itsaccumulation is considerably
higher (+ +) than without EGTA. We would therefore expect the ‘second
messenger stimulus’ to be enhanced (=) and to call for an increased rate of
lipolysis over that obtained with hormone alone. However, EGTA produces
a block ( ’ ) in the cAMP-to-lipolysis coupling mechanism, and no lipolysis
is observed (—).

(iii) Pre-incubation with, or even mere simultaneous addition together with
the hormone of the two phenoxazones tested (actinocine and actinomycin D)
leaves K___ unaltered, but approx1mately doubles the amount of discrimina-
tors per target cell. Hormone quantities bound are also doubled (+ +), and
we would expect a stronger total stimulus to ensue from the greater number
of hormone-discriminator complexes (=). But, apparently, stimulus—cyclase
coupling is blocked ( ’ ), as no cAMP accumulation above background can
be observed (—). Although we would expect the ‘cAMP stimulus’ towards
lipolysis to be extremely weak (-—>), a strongly enhanced lipolysis rate
{about 180 per cent)above that achieved with ACTH alone is the result (4 +).
If additional cAMP is needed for lipolysis, then its weak stimulus must, in
this case. be very considerably magnified (< ). We would have to postulate
a very sensitive device that can sense and make use of the slightest increases
of cAMP concentration (order of magnitude of one per cent, vide infra) over
a strong background.

(iv) Pre-incubation with a combination of 107*M EGTA and 10~%m
phenoxazone enhances both discriminator number (+ +) and cAMP
accumulation (+ +). Thus, EGTA abolishes the apparent block between
discriminator and apo-receptor observed for phenoxazone alone. However,
the EGTA block between cyclase and lipolysis (—) still persists, despite the
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presence of phenoxazone which would, per se. have been expected strongly
to enhance lipolysis——especially in the presence of increased amounts of
cAMP.

In order to supplement our information at a reduced level of system
complexity. similar experiments were carried out with fat cell ‘ghosts’, which
consist mainly of plasma membranes®®, The ghost discriminator binding
studies still remain to be performed: therefore. the anticipated results shown
in Figure 4 bear a question mark. Lipolysis, which is peculiar to the cytoplasm,
1s detached. and only the ‘isolated’ response of the membrane adenyl cyclase
was measured.

(v) 5 x 1078 M ACTH(1-24) produced the ‘standard” increase of ATP
cAMP conversion rate (+).

{vi) Contrary to what could have been expected from the behaviour of
whole lipocytes (i1). EGTA reduced adenyl cyclase activity to about a half to
one quarter of the standard ( + — ). This agrees with the results of others'* '*
and suggests that the observed accumulation of cAMP 1n whole cells has
something to do with the unimpaired connection of plasma membrane with
the cytoplasm.

(vi) Also contrary to our expectation from the behaviour of whole cells
(i11). the phenoxazones don't decrease cyclase activity, but almost double it,
which parallels the discriminator reserve mobilization observed in the intact
isolated cells. The phenoxazone block of ¢cAMP accumulation (iii) isn't
located in the cell membrane (discriminator stimulus apo-receptor coupling).
but is intimately connected with the presence of the cytoplasm. If. as we
presume, discriminator reserve mobilization can also occur in the fat cell
ghost. then the plasma membrane would be an essential point of phenoxazone
action.

(viit) Combined application of EGTA and phenoxazones activates adenyl
cyclase to about 150 per cent above the level obseryved with hormone alone
{+ + —). In the light of vi and vil. this behaviour was expected.

A working hypothesis for hormone-guided cAMP action

I have attempted to interpret all these findings in terms of a working
hyvpothesis. illustrated i Figure 5. which is a more detailed version of scheme
(1) at the beginning of this paper. Hopefully. the guestions raised by this
hypothesis will help us plan and exccute further relevant cxperiments. The
various boxes represent regulatory and other functional ‘clements’, and
should not necessarily be identified with protein molecules. The double line
separales their Jocations into those in or on the fat cell plasma membrane
{'ghost’) and those more inside the cell (‘cell’).

Discriminator reserve mobilization is indicated at the lefi. The (reversible?)
transition from dormant (off) to hormone receptive (on) is depicted as a
conformational change affccting recognition site topography*®. Phenoxa-
7ones appear to act on the cell membrane {enhancement of ghost cyclase
stimulation). F would hike to call the hypothetical, functional entity on which
they act Moderator of ACTH Stimulus, and would again stress the point
that this is not necessarily an apo-receptor or other macromolecule, but is a
designation for a complex function, a function that in reality might depend
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on the interaction of many molecules and ionic species of the cell membrane.
Phenoxazone action on the ‘Moderator’ effects (i) holo-receptor mobilization
[via discriminator reserve mobilization and perhaps, changes of K} and K3
(2)]. (i) lipolysis enhancement, and (iii) reduction of cAMP accumulation.
The last two effects are only operative in the whole cell (lipolysis and
cAMP reduction are missing in the ghost). T assume another hypothetical,
functional entity, the ACT H-sensitive Transducer of ¢cAMP Information,
located dircectly on or near the inside surface of the plasma membrane. Its

ATP
ACTH Discr.
0 El Cyclase
on \ . A
~
+ Mod N cAMP—>-AMP
- (%Cefﬁt)(’r neg.ifb. P ghost
Vi | +,7? cell

7

Ss,
s X
X AMP
Oo” a H / Trans ZCTH ——»lLipase

Phenoxazone Absolute Ca?* dependence
{receptor mobilization, {impaired feedback &
lipolysis enhancement, lipase activation)

cAMP reduction)

Figure 5.

functions are (i) transformation of cAMP information into lipolysis (via
kinase activation?), (i) exertion of a negative feedback on adenyl cyclase
activation (effect direct or via lowering of K, (1)(2)?), and (iii) possibly (?)
an activation of phosphodiesterase. The ‘Transducer’ is stimulated via
‘Moderator’ and sensibilized to the pre-existing, background levels of cAMP.
This could be accomplished p.e. by the enhancement of the K___ of an essential
component for cAMP which would be equivalent to a change in compart-
mentalization. At the same time, the ‘Transducer’, which is also a ‘Sensor’
for cAMP concentration, exercises a negative feedback which persists as long
as a sufficient supply of cCAMP is present (if the target cell is challenged with
an unphysiologically large supply of hormone, cAMP will ‘overshoot’
before becoming subject to the feedback, cf. the curves in ref. 11.) Phenox-
azones amplify the hormone stimulus via ‘Moderator’, enhancing (i) reduction
of cAMP accumulation in whole cells and (ii) adenyl cyclase stimulation in
the ghost (feedback missing because ‘Transducer’ is missing).

The ‘Transducer’ is inhibited by EGTA (needs Ca?* for normal function?)
which is indicated by the EGTA-produced impairment of (i) lipase activation
and (ii) reduction of cCAMP accumulation in the whole cell (ghost adenyl
cyclase is only weakly affected by EGTA and, if anything, its activity is
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reduced, which would not explain the enhanced, sustained cAMP levels in
the whole cell). The sustained cAMP levels in the whole cell are best explained
by a lack of an originally present feedback mechanism.

Figure 5 can be simplified to the following scheme (3) which avoids in-
voluntary identification of hypothetical functional entities with molecules:

AMP

)

Lipolysis

wherein: M signifies moderation of ACTH stimulus and discriminator
reserve mobilization (point of phenoxazone action); T is transduction of
cAMP into lipolysis activation and feedback (point of EGTA action); other
numbers, see scheme (1).

A HYPOTHETICAL MOLECULAR RECEPTOR MODEL

In concluding, I would like to present the molecular model that is the result
of the foregoing discussions and represents a working hypothesis upon which
our future experiments will be based (Figure 6). The polypeptide hormone can
be either flexible or have a more or less fixed conformation®®. Examples
for both types are known!. Those conformers which have a fitting ‘message’
and ‘address’ topography will be specifically bound to a complementary
topographic unit exposed on the ‘receptive’ discriminators. Receptive dis-
criminators can be mobilized from a ‘dormant’ reserve (either wrong topo-
graphy or submerged). The hormone-discriminator complex stabilizes the
discriminator in its ‘stimulative’ conformation. This stimulative complex
bears enhanced affinity to the apo-receptor. Complexation with the apo-
receptor (p.e. adenyl cyclase®) converts the apo-receptor to its functional state.
In the case of the apo-receptor representing an enzyme, a substrate will be
converted to a product which initiates one or more chains of metabolic
events peculiar to the particular hormone and the particular target cell.

Actually, one hormone could react (in one cell type) with only one, or with
a number of different discriminators. As a first approximation, we assume
ACTH to react with only one type of discriminator in isolated fat cells (no
experimental results opposed to this assumption). The hormone-discrimin-
ator complex, which is formed with one association constant (binding with
the apo-receptor will, however, influence it to some unknown degree) then
associates with one or more apo-receptors. In our case, adenyl cyclase and a
‘lipolytic’ receptor associated with ‘transducer function’ (Figure 5) will be
influenced by the stimulative complex. The apo-receptors can bind the stimu-
lative complex with different association constants, producing the effects of
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Hormone

Fittable
J=0=D
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Dormant
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Figure 6. Hypothetical molecular rececptor—model

‘threshold’ and ‘receptor reserve’ shifts reflected in [H],,. As de Haén® has
already pointed out, differences in maximal response can also easily be
explained.

Hormone analogues with slightly altered ‘message’ would p.e. produce only

partly stimulative discriminator complexes which would then bind with
altered constants to the apo-receptors, producing shifts in absolute or rela-
tive potency and in maximum responses.

I wish to thank the Swiss Federal Institute of Technology and the Swiss

National Foundation for Scientific Research for financial support of our
work.
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