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Photolysis of rat adrenocortical cells in the pres-
ence of the photoreactive derivative [(2-nitro-5-azi-
dophenylsulfenyl)Trp?]-adrenocorticotropic hormone
(2,5-NAPS-ACTH) at 24 °C resulted in persistent acti-
vation of corticosterone production. The basal rate of
steroidogenesis became maximal when photolysis was
performed at 24 °C but remained the same as that of
control cells when irradiation was performed at ¢ °C.
No increase in basal rate was observed with dark con-
trols or cells photolyzed with [(2,4-dinitrophenylsul-
fenyD) Trp”JACTH, a photoresistant analog of the hor-
mone. Prephotolyzed 2,5-NAPS-ACTH failed to induce
persistent activation. Both ACTH and 2,4-(dinitrophen-
yisulfeny)Trp’-ACTH blocked the photo-induced acti-
vation of steroidogenesis elicited by 2,5-NAPS-ACTH.
Under photolysis conditions which caused the basal
rate of steroidogenesis to become maximal, a 3-fold
increase in the basal rate of cAMP formation was ob-
served.

Photoaffinity labeling is a promising new approach which
is being used increasingly in studies of polypeptide hormone
receptors (1, 2). Until recently, photoaffinity-labeling studies
have been mainly concerned with demonstrating covalent
attachment of the radioactive ligand to macromolecular com-
ponent(s) of the target cell membrane and specific inhibition
of labeling by nonradioactive ligand. The functional conse-
quences of the covalent attachment of hormones to target
tissues are just beginning to be investigated (3-5).

We have recently utilized the technique of photoaffinity
labeling for the covalent attachment of the pituitary hormone,
corticotropin, to functional adrenocortical cells (6). The pho-
toreactive derivative, [(2-nitro-5-azidophenylsulfenyl)Trp®]
ACTH,' stimulates corticosterone synthesis in isolated rat
adrenocortical cells to 60% of the maximal rate induced by
ACTH. However, when adrenocortical cells were photolyzed
in the presence of 2,5-NAPS-ACTH at 0 °C, the responsive-
ness of the cells to subsequent stimulation with ACTH was
decreased (6). Covalent attachment of the photoreactive
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ACTH derivative with agonist properties would be expected
to result in irreversible activation of the response. In order to
elucidate this further, we have investigated the effect of tem-
perature on the covalent attachment of 2,5-NAPS-ACTH to
rat adrenocortical cells by photoaffinity labeling. In this com-
munication, we present evidence that persistent activation of
steroidogenesis can be accomplished by performing the pho-
tolysis at room temperature.

MATERIALS AND METHODS

The photoreactive ACTH derivative, 2,5-NAPS-ACTH, was pre-
pared as previously described (7). Adrenocortical cells were isolated
from decapsulated adrenal glands of adult male Sprague-Dawley rats
by digestion with collagenase and DNase as described (8). Cells were
used fresh after isolation or in monolayer cultures 5 days after plating.
Cell culture conditions have been described in detail elsewhere (9,
10).

Cells were incubated with 2,5-NAPS-ACTH (50 nM) in Medium
199 containing 0.5% BSA purified as described (11). After a 30-min
incubation in the dark, the cell suspension was irradiated using a
Blak-Ray UV lamp emitting principal radiation at 366 nm. The cell
suspensions were kept stirring throughout the preincubation with
photolysis at the same temperature (0 or 24 °C) 10-15 cm from the
lamp. Photolysis was generally conducted for 4 min, 2 times, with a
2-min pause between exposure to irradiation. At the end of the
photolysis, the cells were washed by centrifugation with Medium 199-
0.5% BSA (twice) and then incubated in fresh medium at 37 °C for 30
min to facilitate dissociation of noncovalently bound peptide. The
cells were washed again twice and reincubated in medium 199-0.5%
BSA at 37 °C for 1 h in the absence and presence of different
concentrations of ACTH. At the end of this incubation, the cells were
kept in boiling water for 5 min and stored. Corticosterone (12) and
cAMP (13) were measured by specific radioimmunoassays as de-
scribed previously (14).

Cells in monolayer culture were subjected to multiple cycles of
photolysis with fresh 2,5-NAPS-ACTH each time. After a 1- or 2-min
photolysis as described above, the cells were washed twice with
medium 199-0.5% BSA and reincubated with fresh 2,5-NAPS-ACTH
(50 nM) and the cycle of photolysis and washing was repeated 3 times.
At the end of four cycles of photolysis, the cells were washed twice,
incubated with fresh medium at 37 °C for 30 min, washed twice again,
and finally incubated with and without ACTH for 1 h at 37 °C to
assess the steroidogenic capacity and cAMP production. Control cells
were irradiated under identical conditions in the absence of 2,5-
NAPS-ACTH. Dark controls were exposed to the same concentration
of 2,5-NAPS-ACTH under the same conditions but were covered with
foil to prevent photolysis.

RESULTS

Irradiation of adrenocortical cells at 24 °C for periods up to
10 min had no significant effect on the ability of the cells to
respond to subsequent stimulation with ACTH. However,
continuous irradiation tended to increase the temperature. In
order to maintain the temperature, irradiation was performed
for 4 min at a time with a 2-min pause between irradiations.
The results in Fig. 1 show that when rat adrenocortical cells
were incubated with 50 nM 2,5-NAPS-ACTH in the dark,
there was no covalent attachment of the peptide. The peptide
was readily washed off and the basal production of corticos-
terone remained low. Addition of ACTH to these cells resulted
in the normal stimulation of steroidogenesis. When the adre-
nocortical cells were photolyzed in the presence of 50 nM 2,5-
NAPS-ACTH and washed, the basal rate of steroidogenesis
became maximal (Fig. 1). Addition of ACTH to these persist-
ently activated cells did not cause a further stimulation of
corticosterone production.
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Fic. 1 (left). Persistent activation of corticosterone produc-
tion by photolysis. Freshly isolated rat adrenocortical cells were
incubated with 2,5-NAPS-ACTH (50 nM) at 24 °C for 30 min and
then irradiated twice for 4 min with a 2-min pause. The cells were
washed as described in the text and aliquots (10° cells/ml) were
reincubated with or without ACTH for 1 h at 37 °C. Corticosterone
was assayed by radioimmunoassay. Dark controls were treated in the
same manner except that the tubes were covered with foil during
irradiation. The bars represent mean values = S.E. of triplicate
incubations.

Fi1c. 2 (center). Effects of photolysis of adrenocortical cells
at different temperatures. Adrenocortical cells in primary culture
(10° cells/well) were incubated without or with 2,5-NAPS-ACTH (50
nM) for 30 min at 24 °C or 1 h at 0 °C. Cells were photolyzed 1 min
and washed twice and photolysis was repeated with fresh 2,5-NAPS-

Previous studies have shown that photolysis of rat adreno-
cortical cells at 0 °C for 15 min in the presence of 2,5-NAPS-
ACTH did not result in persistent activation of steroidogenesis
(6). In order to examine the effect of temperature on the
persistent activation of response, cells were photolyzed in the
presence and absence of 2,5-NAPS-ACTH at 24 and 0 °C in
the same experiment. The results in Fig. 2 show that cells
exposed to light in the absence of 2,5-NAPS-ACTH had a low
basal rate of steroidogenesis and were maximally stimulated
by 20 pm ACTH. The basal rate became maximal when the
cells were photolyzed at 24 °C in the presence of 50 nM 2,5-
NAPS-ACTH. In contrast, photolysis of the adrenocortical
cells in the presence of 50 nm 2,5-NAPS-ACTH at 0 °C
resulted in only a slight increase in the basal rate of corticos-
terone production. These cells also responded to exogenous
ACTH. Persistent activation of steroidogenesis was observed
in every experiment when the cells were photolyzed in the
presence of 2,5-NAPS-ACTH at 24 °C (4/4 experiments with
cells in suspension and 5/5 experiments with cells in culture).

The effect of photolysis in the presence of 2,5-NAPS-ACTH
on cAMP production in rat adrenocortical cells was also
examined. Photolysis at 24 °C in the presence of 50 nm 2,5-
NAPS-ACTH resulted in a 3-fold increase in the basal rate of
cAMP accumulation in the medium (Fig. 3). Cells photolyzed
at 24 °C in the presence 2,5-NAPS-ACTH were as responsive
to ACTH as control cells. No increase in basal cAMP produc-
tion was observed with dark controls or when photolysis was
conducted at 0 °C in the presence of 50 nm 2,5-NAPS-ACTH.

To further confirm that the persistent activation of response
observed was due to the specific covalent attachment of the

ACTH (50 nm). After 4 cycles of photolysis and washing, the cells
were washed as described in the text and incubated with or without
ACTH for 1 h at 37 °C. Corticosterone was measured by radioim-
munoassay. Values are mean + S.KE. for triplicate cultures. Control
cells were photolyzed in the absence of 2,5-NAPS-ACTH.

Fic. 3 (right). Persistent activation of cAMP production by
photoaffinity labeling. Adrenocortical cells in culture (10° cells/
well) were incubated with or without 2,5-NAPS-ACTH (50 nm) for 30
min in the dark at 24 °C. Photolysis was performed for 1 min, the
cells were washed twice and incubated with fresh medium containing
2,5-NAPS-ACTH (50 nM), and the photolysis was repeated. After 4
cycles of photolysis, the cells were washed as described under “Ma-
terials and Methods” and incubated with or without ACTH for 1 h at
37 °C. cAMP in the medium was measured by radioimmunoassay.
Values are the mean = S.E. for triplicate cultures.
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F1c. 4. Effect of photolysis on the basal steroidogenesis.
Adrenocortical cells in suspension were incubated with or without
2,5-NAPS-ACTH (50 nm) or 24-DNPS-ACTH (50 nm) in the dark
for 30 min at 24 °C. Photolysis was conducted twice for 4 min with a
2-min pause between irradiations. Cells were washed as described
under “Materials and Methods” and incubated at 37 °C in the
presence of 95% 02:6% CO,. Aliquots were removed at intervals and
corticosterone was assayed by radioimmunoassay. Values are the
mean * S.E. of triplicate incubations. Control cells (@); cells photo-
lyzed with 24-DNPS-ACTH (O); cells photolyzed with 2,5-NAPS-
ACTH (A).
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Effect of ACTH and 2,4-DNPS-ACTH on persisent activation of
steroidogenesis by 2,5-NAPS-ACTH

Adrenocortical cells were incubated without or with the various
additions shown in the first column for 30 min at 24 °C and then
photolyzed twice for 4 min with a 2-min pause. Cells were washed as
described in the text and aliquots (3 X 10* cells/ml) were reincubated
in the absence (basal) or presence of 2.2 nm ACTH for 1 h at 37 °C.
Corticosterone was assayed by radioimmunoassay. Values are the
mean + S.E. of triplicate incubations. The prephotolyzed 2,5-NAPS-
ACTH was prepared by irradiating the peptide for 30 min at 24 °C in
the absence of cells.

Photolysis Corticosterone
conditions Basal ACTH (2.2 um)
ng/h
No addition 1.1 £ 0.04 303 x1.1
2,5-NAPS-ACTH (50 nm) 16.0 + 0.7 29.1 = 3.7
Prephotolyzed 2,5-NAPS- 1.6 £ 0.5 192 £ 0.7
ACTH (50 nm)
2,6-NAPS-ACTH (50 nm + 50+ 1.0 245 + 2.2
ACTH (50 nm)
2,5-NAPS-ACTH (50 nm) 1.3+£05 23705

+ 2,4-DNPS-ACTH (100
nM)

hormone derivative to the cells, another control experiment
was performed. [(2,4-Dinitrophenylsulfenyl) Trp’]-ACTH is
an analog closely related to the photoreactive 2,5-NAPS-
ACTH but is not converted to a reactive nitrene by photolysis
since it lacks the azido group. Cells were incubated with no
addition, 2,4-DNPS-ACTH, or 2,5-NAPS-ACTH and photo-
lyzed at 24 °C. The basal steroidogenesis was followed as a
function of time (Fig. 4). It is clear that the basal production
of corticosterone in cells photolyzed in the presence of 50 nM
2,4-DNPS-ACTH at 24 °C was not significantly different from
the basal steroidogenic rate in control cells. On the other
hand, cells photolyzed with 2,5-NAPS-ACTH at 24 °C were
maximally stimulated and continued steroid production for
several hours (Fig. 4).

The results in Table I show that no persistent activation of
steroidogenesis resulted if the 2,5-NAPS-ACTH was prepho-
tolyzed prior to photolysis in the presence of cells. The acti-
vation of basal steroidogenesis induced by photolysis in the
presence of 2,5-NAPS-ACTH was effectively prevented when
the photolysis was conducted in the presence of ACTH or 2,4-
DNPS-ACTH (Table I).

In view of the differences in the degrees of persistent acti-
vation of the steroidogenic and cAMP responses, the time
courses of persistent activation of the two responses were
examined. Basal rate of steroidogenesis became nearly maxi-
mal after a 1-min photolysis and remained maximal with
increasing times of photolysis. Basal cAMP production, on
the other hand, increased 3-fold only after photolysis for 4
min.

DISCUSSION

These results show that persistent activation of steroido-
genesis can be achieved by photoaffinity labeling of ACTH
receptors on rat adrenocortical cells. Similar results were
obtained with freshly isolated cells and cells maintained in
primary culture for a week, although the steroidogenic capac-
ity of the freshly isolated cells was higher. The stercidogenic
enzymes are known to decay when cells are maintained in the
absence of ACTH for several days (9}). The control experi-
ments clearly show that persistent activation of steroidogen-
esis occurred only when the cells were irradiated in the
presence of hormone containing a photoreactive group which
could be activated to form a covalent link with the receptor.

Persistent Activation of Steroidogenesis

Thus, both 2,4-DNPS-ACTH which lacks the photoreactive
azido group and prephotolyzed 2,5-NAPS-ACTH were unable
to induce persistent activation. Both ACTH and 2,4-DNPS-
ACTH were able to block the persistent activation induced
by 2,5-NAPS-ACTH upon photolysis, showing that persistent
steroidogenesis results from specific activation of ACTH re-
ceptors.

The temperature at which photolysis is conducted appears
to be a very important parameter for achieving persistent
activation of function. It is clear that cells irradiated at 0 °C
in the presence of 2,5-NAPS-ACTH do not exhibit elevated
levels of steroidogenesis whereas cells irradiated at 24 °C
under identical conditions are irreversibly activated. The fail-
ure to achieve persistent activation by photolysis at ¢ °C
suggests that either the efficiency of covalent attachment is
inadequate at 0 °C or the link formed between hormone and
receptor at 0 °C is different from that formed at 24 °C. This
could arise if the receptor exists in an active (at 24 °C) and
inactive (at 0 °C) conformation. Once the hormone becomes
attached covalently to the inactive conformation by photolysis
at 0 °C, subsequent incubation at 37 °C is not sufficient to
generate the active form of the receptor-hormone complex
which leads to persistent activation.

Since 2,5-NAPS-ACTH is a partial agonist in stimulating
steroidogenesis and an antagonist of ACTH-stimulated cAMP
accumulation in rat adrenocortical cells (6), it is suprising that
covalent attachment of 2,5-NAPS-ACTH results in maximal
stimulation of steroid synthesis and partial stimulation of
cAMP accumulation. This result suggests that the mode of
noncovalent interaction of 2,5-NAPS-ACTH with the receptor
is different from that of ACTH, but, upon covalent attachment
to the receptor, the peptide is able to stimulate the cell in a
manner analogous to that of ACTH. The adrenocortical cell
receptor for ACTH appears to be exquisitely sensitive to
modifications of the single tryptophan residue in the hormone.
Thus, although 2,5-NAPS-ACTH acts as partial agonist in
stimulating steroid synthesis, the isomeric derivative 24-
NAPS-ACTH is a full agonist (data not shown).

Although steroidogenesis was stimulated maximally by brief
photolysis with 2,5-NAPS-ACTH at 24 °C, cAMP production
was increased only slightly under the same conditions. This
can be explained readily by the spare receptor concept (15,
16). Photolysis with 2,5-NAPS-ACTH causes the covalent
attachment of the peptide to a small fraction of the receptors
which results in the small but significant increase in cAMP
accumulation observed. However, activation of a small frac-
tion of the receptors is sufficient to stimulate maximal ste-
roidogenesis. In accord with this, we have observed an increase
in the basal rate of cAMP production with increasing time of
photolysis whereas the basal rate of steroidogenesis became
maximal after brief photolysis and remained maximal with
increasing time of photolysis.

Persistent activation of discharge of secretory proteins by
dispersed guinea pig pancreatic acini preparations has been
reported following six cycles of photolysis with a photoreactive
derivative of cholecystokinin octapeptide (3). Photo-induced
covalent binding of a photoreactive insulin derivative to rat
adipocytes caused a persistent increase in lipogenesis (4). An
irreversible and specific stimulation of melanophores was
observed upon photolysis of Xenopus skins in the presence of
p-azidophenylalanine'®-a-melanocyte-stimulating  hormone
(5). In all three cases, photolysis was performed at tempera-
tures between 20 and 37 °C. Together with results presented
in this article, these findings clearly show that the formation
of the hormone-receptor complex is the primary event respon-
sible for triggering the physiological response. These results
are not in accord with the hypothesis that the response is
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triggered by the dissociation of the hormone from the recep-
tor.
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