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Abstract—A putative role for the protein carboxylmethylase (PCM) enzyme has been suggested in
exocytotic secretion. The involvement of *H-methyl incorporation into protein carboxylmethyl esters
during corticotropin releasing factor (CRF)-induced ACTH secretion from AtT-20/D16-16 mouse
pituitary cells was investigated. Protein carboxylmethylation and ACTH secretion both increased as a
function of extracellular CRF concentration. and both processes were temporally parallel up to 60 min
incubation. The less potent [Met(O)*]-CRF also stimulated increases in protein carboxylmethylation
and ACTH secretion. The free acid analogue of CRF did not alter either process. A combination of
the PCM inhibitors, 3-deazaadenosine and L-homocysteine thiolactone, reduced both CRF-stimulated
protein carboxylmethylation and ACTH release. Dexamethasone, known to inhibit ACTH secretion

and synthesis. inhibited both CRF-stimulated protein carboxylmethylation and ACTH secretion.

Methyl groups can be transferred from S-adenosyl-
methionine (SAM) to free carboxyl groups of
glutamyl and/or aspartyl residues of protein sub-
strates by the enzyme protein carboxylmethylase
(PCM; EC2.1.1.24, S-adenosylmethionine:protein
carboxyl-O-methylase) [1-4]. Since the methyl esters
formed are labile [3, 5-8], it has been suggested that
PCM can produce ranid and reversible alterations
in activity of enzymes, hormones or other protein
substrates [5]. One of the functions ascribed to PCM
is a role in exocytotic secretion from endocrine
[7,9-12] and exocrine [8, 13] glands.

The AtT-20 mouse pituitary cell line, derived from
an anterior pituitary tumor, has been used to study
the regulation of synthesis. storage and secretion of
ACTH, p-endorphin and related peptides [14-21].
Recent studies in our laboratory [22] have demon-
strated that in this cell line the synthetic 41-residue
corticotropin releasing factor (CRF) [23] induces
secretion of ACTH and f-endorphin, as it does in
other in vivo and in vitro systems [24, 25]. In view
of a putative role for PCM in exocytotic secretion.
the relationship between protein carboxylmethyla-
tion and ACTH secretion in AtT-20 cells was
investigated.

MATERIALS AND METHODS
Materials. Synthetic CRF, the 21-methoxy deriva-

tive of CRF ([Met(O)*']-CRF), and thyrotropin
releasing hormone (TRH) were purchased from Pen-
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insula Laboratories (San Carlos, CA). The free acid
analogue of CRF (CRF-OH) was a gift from Dr. W.
Vale (Salk Institute, La Jolla, CA). Bacitracin, dexa-
methasone acetate and L-homocysteine thiolactone
(HC) were from the Sigma Chemical Co. (St. Louis,
MO). 3-Deazaadenosine (3-DA) was obtained from
the Southern Research Institute (Birmingham, AL).
Dulbecco modified Eagle's basal medium (DMEM)
and basal Eagle’s medium containing Hank’s salts
(BEMH) were obtained from GIBCO (Grand
Island, NY). Trypsin was from Worthington Diag-
nostics (Freehold, NJ). Fetal calf serum was from
North American Biologicals (Miami, FL), ACTH
standard and antiserum were donations of the
National Pituitary Agency (Baltimore, MD). ['*]]-
ACTH (1 uCi/10-20 pg) was from the Immunonu-
clear Corp. (Stillwater, MN) and v-[methyl-
*H]methionine (15 Ci/mmole) was obtained from the
New England Nuclear Corp. (Boston, MA).

Culture methods. AtT-20/D16-16 cells, obtained
from Dr. S. Sabol (N.I.H.), were grown and sub-
cultured in DMEM containing 10% fetal calf serum
as previously described [22].

Incubation procedures. Cells were innoculated into
35 mm diameter culture wells (six wells/dish, CoStar)
at an initial density of 1.0 to 1.5 x 10° cells/well and
grown to 60-80% confluency (5-7 days after passage)
before use. Immediately prior to a secretion and
methylation study, the culture medium was aspirated
and the cells were equilibrated at 37° for 30 min in
Iml of vL-methionine-free BEMH containing
4.5 mg/ml glucose, 2% fetal calf serum and 3 ug/ml
bacitracin. This medium was replaced with 1 ml
of the same medium to which 50-100 uCi [*H]-
methylmethionine had been added. and the cells
were incubated for an additional 30 min. CRF (pre-
pared freshly in phosphate buffered saline, pH 7.4)
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was added. and the cells were incubated as indicated
below. When used. 3-DA and HC were added 30 min
prior to CRF. Dexamethasone (107°M stock in
ethanol), when used. was added 20 hr prior to the
start of the secretion and methvlation study and was
present throughout the incubation periods preceding
CREF addition. The highest ethanol concentration to
which cells were exposed (0.001%) had no effect on
basal secretion of ACTH.

At the end of the incubation period. the medium
was aspirated and centrifuged at 10,000 rpm (Beck-
man microfuge) for 1 min to remove detached and
broken cells. The supernatant fraction was removed
and stored at —20° until used in the ACTH radio-
immunoassay. The cells were washed gently three
times with 1 ml BEMH and lysed with the addition
of Iml of ice-cold hypo-osmotic 25mM d4-
{2-hydroxyethyl)-1-piperazine-ethanesulfonic  acid
(Hepes) (pH6.5) buffer containing 0.1mM §-
adenosyl-L-homocysteine (SAH). After freezing and
thawing in methanol/dry ice, aliquots of the broken
cell suspension were removed for measurement of
protein concentration and ‘H-protein methyl esters
formed.

ACTH radivimmunoassay. ACTH immunoactiv-
ities in the secreted medium were assayed with an
antiserum specific for the 14-24 region of ACTH
according to Hook ef al. [22]. No cross reactivity
with either a-melanocyte stimulating hormone (a-
MSH) or f-endorphin was observed with the anti-
serum. ACTH values were calculated from three 1o
four points on the linear section of the standard
curves for reference ACTH (synthetic human
ACTH 1-39). Radioimmunoassays of replicate
samples of culture medium gave a coefficient of
variation of less than 10% . Results are expressed as
ng ACTH/per well.

Protein carboxvimethylation. An aliquot of the cell
suspension in Hepes buffer was precipitated with
1 ml of ice-cold 15% trichloroacetic acid and cen-
trifuged at 20.000 ¢ for 20 min. Protein carboxyl-
methylation was measured [9] by subjecting the pel-
let to alkaline hydrolysis, and the resultant [‘H]-
methanol formed from “H-protein methyl esters was
extracted into a mixture of toluene—isoamylalcohol
{3:2.v/v). Results are expressed as cpm “H-methyl
incorporated into protein methyl esters per mg cell
protein. There was little variability in protein levels
among different culture wells.

Protein determination. Protein content in the
Hepes-SAH cell suspension was measured by the
method of Lowry ef a/. [26] using bovine serum
albumin as standard.

Results are presented as means = S.E. for tripli-
cate cultures.

RESULTS

The effect of various concentrations of CRF on
ACTH secretion and protein carboxvlmethylation
is illustrated in Fig. 1. Both ACTH secretion and
protein carboxylmethylation were stimulated maxi-
mally by 107*M CRF. The half-maximal CRF con-
centration for ACTH secretion and carboxylmethyl-
ation was about 3 nM. At the lowest concentration
tested (107" M), CRF did not alter basal release of
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Fig. 1. Effect of various concentrations of synthetic 41-
residue CRF on protein carboxylmethylation and ACTH
release in AtT-20/D16-16 cells incubated for 90 min. Each
point represents the mean = S.E. of three separate cultures.
Asterisks indicate P < (.05 or better compared to 0 CRF.

ACTH from the cultured cells and did not change
‘H-methyl incorporation into carboxylmethylated
proteins.

The time-course study of basal and CRF-induced
ACTH release and carboxylmethylation is illustrated
in Fig. 2. CRF-elicited ACTH release was linear
over the 90-min time course and was 2 to 3-fold
higher at each of the time points studied in com-
parison to basal values. CRF consistently increased
protein carboxylmethylation throughout the time
course; the greatest difference in carboxylmethyla-
tion between stimulated and non-stimulated cells
was observed at 60 and 90 min (35-40%). Protein
carboxylmethylation in both CRF-stimulated and
control cells increased linearly between 15 and
45 min and reached a plateau at 50-90 min,

The effects of two CRF analogues were tested on
ACTH secretion and protein carboxylmethylation.
[Met{O)*']-CRF increased ACTH release and pro-
tein carboxylmethylation in a dose-dependent
fashion. At 107°M, [Met{O)*]-CRF increased
ACTH release 3.6-fold above basal values (Fig. 3).
CRF at a 10-fold lower concentration had a similar
effect (3.7-fold increase in ACTH release). Both
[Met(O)*']-CRF  (107"M) and CRF (10 *M)
increased protein carboxylmethylation by about
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Fig. 2. Protein carboxylmethylation and ACTH secretion

in AtT-20/D16-16 cells as a function of time of incubation.

CRF was added (time 0) after 30 min of preincubation with

[*H]-methylmethionine. Each point represents the mean

+ S. E. of three separate cultures. Asterisks indicate

P < 0.05 or better compared to no CRF at each respective
time point.

38%. The C-terminal free acid of CRF, on the other
hand, had no effect on either basal ACTH release
or *H-methyl incorporation into protein methyl
esters (90-min incubation) when tested at concen-
trations between 10~? and 107° M (data not shown).
Similarly, TRH (107"M; 90-min incubation) did
not affect basal ACTH release or protein carboxyl-
methylation in the AtT-20 cells (data not shown).
3-DA and HC increase the intracellular level of
SAH, the endogenous competitive inhibitor of pro-
tein carboxylmethylase, and thereby inhibit protein
carboxylmethylatién [27]. The effect of these sub-
stances on PCM activity and ACTH secretion was
assessed in the pituitary cells. 3-DA and HC reduced
CRF-stimulated protein carboxylmethylation to con-
trol levels and reduced CRF-induced ACTH secre-

tion by about 40% (Fig. 4). 3-DA and HC reduced -

carboxylmethylation in unstimulated cells by about
20% without concomitantly affecting ACTH release.

We reported [22] that dexamethasone inhibited
ACTH and f-endorphin secretion in AtT-20 cells
stimulated by CRF. The effect of dexamethasone
treatment was evaluated on protein carboxyl-
methylation activity and ACTH secretion (Fig. 5).
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Fig. 3. Effect of the 21-methoxy derivative of synthetic

41-residue CRF [Met(0O)?]-CRF) on protein carboxyl-

methylation and ACTH release in AtT-20/D16-16 cells

incubated for 90 min. Each value represents the mean *

S.E of three to six separate cultures. Asterisks indicate
P < 0.05 or better compared to control cells.
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Fig. 4. Inhibitory effect of 3-deazaadenosine (3-DA) and
L-homocysteine thiolactone (HC) pretreatment (30 min)
on CRF-stimulated protein carboxylmethylation and
ACTH secretion in AtT-20/D16-16 cells following 90 min
of incubation. Results are expressed as percent of control.
Values are means = S.E. of three separate cultures. Aster-
isks indicate P < 0.05 or better compared to control cells.



1298

30

D NO CRF
CRF 10 B0

* *

20+

104

ACTH RELEASE {ng.well 1)

1

~
f

3H-METHYL INCORPORATION INTO
PROTEIN METHYL ESTERS
{cpm x 10 3.mg protein-1)

0 ‘ 109 108
DEXAMETHASONE (M}

Fig. 5. Inhibitory effect of dexamethasone pretreatment
(20 hr) on CRF-stimulated protein carboxylmethylation
and ACTH secretion in AtT-20/D16-16 cells following
90 min of incubation. Values are means = S.E. of three
to six separate cultures. Asterisks indicate P<<(.05 or
better compared to no CRF * dexamethasonc. Stars indi-
cate P < (.05 or better compared to no dexamethasone
= CRF.

Dexamethasone had an inhibitory effect on the
amount of ACTH released in both unstimulated and
CRF-stimulated cells. When cells were pretreated
with 107 M dexamethasone, ACTH secretion from
stimulated and unstimulated cells was reduced by as
much as 80-90% . CRF-stimulated protein carboxyl-
methylation was reduced by 18% when cells were
treated with 107°M dexamethasone, and 107*M
dexamethasone reduced CRF-stimulated protein
carboxylmethylation to unstimulated control levels.

DISCUSSION

Post-translational modification of protein struc-
ture by carboxylmethylation appears to be a ubiqui-
tous reaction in both eukaryotes and prokaryotes
{28, 29]. The enzyme catalyzing the reaction. PCM,
has been identified in many mammalian tissues: its
high specific activity in the cytoplasm of secretory
organs [5] prompted the suggestion that the enzyme
might be involved in exocytotic secretion. An
increase in protein carboxylmethylation activity has
been observed in adrenal medulla following insulin
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administration [10]. in posterior pituitary glunds of
salt-loaded rats [30]. and pancreatic lobules incu-
bated with cholecystokinin or carbachol [13]. T the
latter study. a correlation between carboxvimethyvl-
atton activity and secretion of amvlase was reported.

We have reported [22] that AtT-2001D6-16 mouse
pituitary cells. grown in culture. respond to the svi-
thetic 4l-residue CRF by scereting ACTH und
p-endorphin. In this study. CRF wus also shown 1o
stimulate an increase in the weorporation of -
methyl into protein methyl osters. The tollowing
observations suggest that CRF stimulation of protem
carboxylmethylation and ACTH scerction mav be
associated with one another.

Both ACTH sceretion and protein carboxyvime-
thylation in the pituitary cells mereased ax a function
of extracellular CRF concentration. and the hulf-
maximal concentration of the peptide required 1o
stimulate both processes was similar. Unstimulated
cells exhibited basal ACTH release [16.20]0 and
protein  carboxvimethyvlation  activity also
observed under these conditions.

Increases in secretion of ACTH and “H-methyl
incorporation into protemn methyl esters were tem-
porally associated up to 60mmn of ncubation m
unstimulated or CRF-stimulated cclis. The subse-
quent plateau at longer incubation times seen in the
time—course study of carboxvlmethvlation suggests
that the ACTH secreted mav not be completels
assoctated  with  changes in protein carboxyl-
methylation.

If protein carboxvlimethylation and ACTH seore-
tion arc related events, then analogues of CRE of
varving potencies should have similur cffects on
ACTH release and protein carboxvlimethyviation.
[Met(O)']-CRF which was reported to be 3- 1o
10-fold less effective in stimulating ACTH release
than CRF [22. 23] wus H0-told less potent than CRY
in stimulating ACTH secretion and  Ti-protein
methyl ester formation. The C-terminal free acid of
CRF had no secretory eftect on the cells and also
did not alter basal levels of protein carbosyvi-
methylation. TRH. structurally unrelated to CRFE or
its analogues. also did not affect either ACTH secre-
tion or protein carboxyvlmethviation.

For ACTH sceretion and protem carboxyl-
methylation to be interrelated events. agents which
inhibit the activity of PCM should be expected to
block ACTH secretion. A combination of 3-DA and
HC. indirect methvlation inhibitors [27]. reduced
both CRF-induced ACTH release and protein
methyl ester formation: howesver. cach process was
inhibited to a different degree. 3-DA und HC
reduced CRF-stimulated carboxvimetiniation 1o
levels observed in unstimulated cells. but biocked
CRF-stimulated ACTH sceretion by only 407,
These data suggest that purt of the CRE-stimulated
ACTH secretory pathway may be related to changes
in *H-protein methyl ester formation.

When cells were treated with dexamethasonce.
there was a reduction in basal and CRF-sumulated
protein carboxylmethylation accompanicd by i more
marked reduction in basal and CRE-sumulated
ACTH secretion, These data suggest that CRE
stimulation of ACTH sceretion muny be partiadly
associated  with  protem carbossimethylation.

Was
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Dexamethasone is known to inhibit both ACTH
release and synthesis [17, 19, 31, 32]. Inhibition of
carboxylmethylation by dexamethasone suggests
that protein carboxylmethylation may be involved
in the synthesis and storage of ACTH, as well as
ACTH release. This possibility is interesting in view
of a recent report showing that the a-1-38 ACTH
fragment can be carboxylmethylated in vitro [33].

From a number of studies [7-13] a putative role
for PCM has been described in exocytotic secretion.
It has been hypothesized that, following hormonal
or neurohormonal stimulation of a receptive cell,
PCM catalyzes the neutralization of negative charges
of protein substrates localized on the surface of
secretory vesicles, thereby facilitating the interaction
and eventual fusion between these vesicles and the
negatively charged plasma membrane. This study
supports the idea that CRF-stimulated protein car-
boxylmethylation may be related to ACTH secretion
but also suggests that, in addition to protein car-
boxylmethylation, other biochemical events are
probably involved in CRF stimulation of ACTH
secretion.
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