
TABLE 2

Effect of the chemotactic peptide on cyclic AMP

level in rabbit neutrophils

Experimental Cyclic AMP level in pmoles/107
Condition cells

Control F-Met-Leu-Phe
(5 nM)#{176}
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vides the basis for the observed phenome-
non. A primary candidate for such a media-

tory role is cyclic GMP. We have attempted

to measure the cyclic GMP levels in rabbit
peritoneal neutrophils and we have found

that the basal level, both in the presence
and absence of 1-methyl-3-isobutylxan-
thine (MIX), as well as the levels in the
presence of fMet-Leu-Phe, are not detect-
able with a radioimmunoassay kit compa-
rable to that employed in the measurement

of cyclic AMP.
We have also investigated the effect of

MIX on both the basal level of cyclic AMP

and the stimulatory action of fMet-Leu-
Phe. In these studies the cells were exposed

to MIX (0.1 mM) for 5 mm before the
experiment was initiated and then exposed
to fMet-Leu-Phe (5 imi) for one minute
before the reaction was stopped with TCA.
This concentration of MIX, together with
the preincubation period, appears to inhibit

maximally the MIX-sensitive phosphodi-
esterase activity. Elevation of the basal
cyclic AMP level is evident after 25 mm at

370 � the presence of 0.1 nmi MIX and is
equivalent to the increased level observed
with 1.0 mM MIX (31, 32) or 8 m�i theo-
phylline (33). The results are summarized
in Table 2. MIX increases both basal cyclic

AMP levels and levels determined in the
presence of fMet-Leu-Phe. In light of the
lack of a demonstrated stimulation of ade-
nylate cyclase by fMet-Leu-Phe, there is a

possibility that the increased cyclic AMP
level results from an inhibition of cyclic
AMP-dependent phosphodiesterase activ-
ity, albeit a MIX-insensitive activity. The
effect of MIX on the time course of the
stimulatory effect of fMet-Leu-Phe was in-

vestigated. Again, the cells were exposed to

MIX (0.1 mM) for 5 mm before the experi-
ments were initiated. The results presented
in Figure 2 indicate that MIX changes the

magnitude and the characteristics of the

cyclic AMP response. MIX amplifies the
effect on the cyclic AMP level and shortens
somewhat the time of maximum response.
In addition, the MIX prevented the cyclic
AMP levels from returning to normal in the
allotted 5 mm, thus indicating the presence
of an active, MIX-sensitive phosphodiester-
ase that participates in the breakdown of

Basal 6.4 ± 0.4 (69) 10.5 ± 0.6 (39)

+MIX (0.1 mM)h 9.7 ± 0.7 (24) 15.6 ± 1.0 (21)

“Determined 1 mm after fMet-Leu-Phe addition.

Cells incubated with MIX for 5 mm at 370 before

initiation of the experiments.

Means are given with the standard error of the

mean. The number in parentheses refers to the total

number of experiments. Each value of the cyclic AMP

level determined in the presence of fMet-Leu-Phe is

significantly different (p < 0.001) from its respective

control.

FIG. 2. A time course of the stimulated cyclic AMP

levels with fMet-Leu-Phe both in the absence

(#{149} #{149})and the presence (O-O) of MIX (0.1 mM)

Cells were incubated with MIX for 5 mm prior to

the addition of fMet-Leu-Phe. Data are expressed as

the percent increase over control (without fMet-Leu-

Phe) levels and represent the mean of 6 experiments.

In the case of the experiments which deal with MIX

the control contains 0.1 m�i MIX. The fMET-Leu-Phe

stimulation is slightly less than normal in these sets of

experiments.

the fMet-Leu-Phe-stimulated cyclic AMP
pool. These data imply that the phospho-
diesterase activity is not inhibited in the
presence of peptide alone but rather it is
inhibited only after MIX is added. Here
again, the rapid fall in the cyclic AMP level
after stimulation in the absence of MIX

cannot be totally due to degradation of the
peptide because the cyclic AMP level re-
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mains elevated in the presence of MIX.

The value of the basal level of cyclic
AMP in rabbit neutrophils is within the
range of values previously reported for both

rabbit and human neutrophils (9, 12-14, 18,
19, 31-33), though it should be kept in mind

that the published values range from 1.4 to
90 pmoles/107 cells. One possible explana-
tion for the widespread discrepancies could
be differences in the state of the ionic gra-
dients across the cell membrane as the re-
sult of various preparative manipulations

before the experiment is carried out. There
is a great deal of evidence that suggests an
interplay between intracellular calcium and
cyclic nucleotides in a variety of systems
(34). The level of free intracellular calcium
can be affected, in turn, by ionic gradients
across the cell membrane and particularly
by the intracellular Na� concentration. To
restore the Na� and K� gradients across
the cell membrane, it is important for neu-
trophils to be preincubated with the proper
ionic environment at 37#{176}for at least 15 mm

before any experimental manipulation.
Keeping in mind the possibility that Ca2�

may be involved in the fMet-Leu-Phe acti-

vation of the cyclic AMP levels, we have
investigated the effect of removal of cal-
cium from the extracellular medium on the
stimulatory action of fMet-Leu-Phe. In
these experiments cells were incubated at
37#{176}for 40 mm in Hanks’ balanced salt

solution containing 1.6 mM Ca2�. At the end
of the incubation period, the suspension
was divided into centrifuge tubes, spun

quickly at room temperature, and the re-
sulting supernatant was removed from each
tube. To one tube an equivalent volume of
Hanks’ buffer without Ca2� was added and
to the second tube an equivalent volume of

complete Hanks’ buffer was added. The

experiment was then initiated by the addi-

tion of fMet-Leu-Phe. These manipulations
were completed within three minutes,
which means that the cells were exposed to
the medium without Ca2� for a maximum
period of 3 mm before the experiment was
started. This time is too short for a drastic
change in intracellular ionic composition to
occur (20). The results are given in Table 3.
The stimulatory effect at 5 ni�i fMet-Leu-

Phe on the level of cyclic AMP is signifi-
cantly decreased when the extracellular

Ca24 concentration is reduced to less than
10 �LM from the 1.6 mM normally present in
Hanks’ solution. The percent increase in

the level of cyclic AMP due to the presence
of MIX is not significantly affected by the
removal of calcium from the outside me-

dium. It is interesting to point out that an
observed increase in the cyclic AMP level
as a result of the phagocytosis of latex
particles by human neutrophils (referred to
earlier) was also dependent on the presence

of calcium in the extracellular medium (28).

The results obtained with 5 n�i fMet-

Leu-Phe represent the functioning of a sys-

tem well below the point of maximum stim-
ulation or saturation as indicated by the
dose response curve in Figure 3. The effect
is detectable at 0.05 n�i fMet-Leu-Phe and
increases at higher concentrations up to a
110% elevation of the cyclic AMP levels at

0.1 �LM. The synthetic peptide fMet-Leu-
Phe is highly chemotactic (3); significant
chemotactic activity in rabbit neutrophils

can be observed at a concentration as low
as 0.01 ni�i. This activity increases with
increasing fMet-Leu-Phe concentrations

reaching a maximum at 0.5 n� and then
drops off at high concentrations (�10 ni�i).
The observed increase in the cyclic AMP
levels and the corresponding decrease in

TABLE 3

Influence of extracellular Ca2� on cyclic AMP levels �pmoles/l07 cells)

Experimental Condition with Ca2� % increase no added Ca2� % increase

Control 8.7 ± 0.4 (5)’ 7.1 ± 1.4 (5)

+MIX#{176} 1 x iO� M 11.8 ± 2.1 (5) 36 9.5 ± 0.6 (5) 34

+fMet-Leu-Ph? 5 x 1O� M 12.9 ± 0.4 (5) 48 7.6 ± 1.8 (5) 7

“Cells incubated with MIX for 5 mm at 37#{176}before initiation of the experiments.
Determined 1 mm after fMet-Leu-Phe addition.

‘Means are given with the standard error of the mean. The number in parentheses refers to the total number

of experiments.
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the responsiveness of the neutrophils at
very high concentrations of the chemotac-

tic factor may be related. The cyclic AMP
elevation, though <2-fold at 0.1 LM fMet-
Leu-Phe, is equivalent to that previously
reported for rabbit peritoneal neutrophils
in response to isoproterenol, PGE1 and nor-

epinephrine (33). In addition, comparable
changes in the cyclic AMP levels of other
cell types, including lymphocytes (35), mye-
bid leukemia cells and mature macro-
phages (27), have not only been described
as coincident with mitogenic or hormonal
stimuli but also have been intrinsically im-
plicated in the biological responses of these
cells.

The role of cyclic AMP in the response
of neutrophils to the chemotactic peptide
cannot be deduced from the present stud-

ies. Nor does the data strongly support any

one mechanistic explanation of the stimu-
lation of the cyclic AMP level by fMet-Leu-
Phe. In view of the temporal coincidence of
the cyclic AMP response with those previ-
ously reported for fMet-Leu-Phe (1,20), the

authors feel that the effect of fMet-Leu-Phe
on cyclic AMP is important and warrants
further investigation.
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SUMMARY

BERENBEIM, D. M., D. L. WONG, S. J. MASOVER AND R. D. CIARANELLO. Regulation

ofsynthesis and degradation ofrat adrenal phenylethanolamine N-methyltransferase.
III. Stabilization of PNMT against thermal and tryptic degradation by 5-adenosyl-

methionine. Mol. Pharmacol. 16: 482-490 (1979)

The regulation of phenylethanolamine N-methybtransferase degradation in vivo is me-
diated via adrenal glucocorticoids. The glucocorticoid inhibition of PNMT degradation is
mediated via an endogenous adrenal stabilizing factor whose levels are controlled by
glucocorticoids. A partially purified preparation of the endogenous stabilizing factor has
an absorption maximum of 265 nm and migrates with S-adenosylmethionine and 3’,S’-
cyclic AMP on paper chromatography. 5-adenosylmethionine is highly effective in
stabilizing PNMT against both thermal and tryptic degradation, while cyclic AMP is
ineffective as a stabilizing agent. S-adenosylhomocysteine, the demethylated product
formed from S-adenosybmethionine during transmethylation stabilizes PNMT against
tryptic but not thermal degradation. S-adenosylmethionine administration to hypophy-
sectomized rats partially restores PNMT levels in vivo and enzyme thermal stability in
vitro.

INTRODUCTION

Rat adrenal PNMT’ is subject to dual
regulation by adrenal glucocorticoids and
by splanchnic innervation to the adrenal
medulla (1). Our laboratory has recently
published evidence that these two regula-

tory systems operate by different biochem-
ical mechanisms. Adrenal glucocorticoids

This work was supported by grants from the NIMH

(MH 25998) and the NSF (PCM 78 14183). RDC is

the recipient of Research Scientist Development

Award MH 00219 from the NIMH.

‘The abbreviation used is: PNMT, phenylethanol-

amine N-methyltransferase.

appear to control steady-state PNMT lev-

els by inhibiting enzyme proteolysis,
whereas splanchnic nerve impulses induce
the de novo synthesis of PNMT molecules.
When rats are hypophysectomized, PNMT
degradation is markedly accelerated and in
vivo enzyme levels fall. Administration of
glucocorticoids or ACTH to hypophysec-
tomized rats inhibits the acceleration of

PNMT proteolysis and results in a resto-
ration of enzyme levels to control values
(2).

Subsequent studies from our laboratory
have shown that hypophysectomy not only

0026-895X/79/050482-09$02.0O/0
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accelerates PNMT proteolysis in vivo, but
increases the rate of PNMT denaturation

in vitro as well. When adrenal gland ex-
tracts from hypophysectomized rats are

heated to 50#{176},the half-life of PNMT is
markedly reduced compared to that seen in
control rat preparations. Hypophysectomy
then, results in a PNMT molecule which is
more vulnerable both to in vivo proteolysis
and to in vitro denaturation (2).

Inquiry into the mechanism of these find-
ings disclosed the existence of a substance
which was present in normal rat adrenals,

and which conferred thermal stability on
PNMT. This material was lost after hypo-
physectomy, but could be restored by ad-

ministration of ACTH or glucocorticoids to
hypophysectomized rats. This substance,
termed “endogenous stabilizing factor,” ap-
peared to act by binding directly to the
PNMT molecule and, in so doing, stabilized
the enzyme against thermal denaturation.

Preliminary attempts to characterize this
substance showed it to be a dialyzable,
freeze-thaw labile material, a partially pu-
rifled preparation of which had an absorp-
tion maximum at 265 nm (3).

In this report we describe our studies on
the preliminary characterization of the “en-
dogenous PNMT stabilizing factor” and its
mechanism of action. The partially purified
stabilizing factor migrated on paper chro-
matography With an Rf similar to those of
5-adenosylinethionine and 3’,5’-cyclic
AMP, two purine-containing compounds of
potential importance in PNMT regulation.

When these were tested for stabilization of
PNMT against thermal denaturation, how-
ever, only S-adenosylmethionine exerted a
significant stabilizing effect.

The proteolysis of PNMT by trypsin was
also examined in an attempt to design a
model system for understanding in vivo
PNMT proteolysis. The endogenous adre-
nal stabilizing factor which stabilizes

PNMT against thermal denaturation also
protects the enzyme against tryptic prote-
olysis. Similarly, addition of 5-adenosyl-

methionine to PNMT preparations mark-
edly stabilizes the enzyme against tryptic
attack. Thus the data from the thermal
denaturation and tryptic proteolysis studies
are consistent, and support the view that S-

adenosylmethionine may be the “endoge-

nous stabilizing factor” previously de-

scribed and may play a role in the regula-
tion of in vivo PNMT levels by controlling

the proteolysis of the enzyme.

MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats,
weighing 160-200 g, were obtained from

Zivic-Miller Laboratories, Allison Park, Pa.
Hypophysectomy was performed by the
supplier. Animals were maintained on Pur-

ma Lab Chow in a facility with automatic

temperature and lighting regulation (12:12,
light:dark, lights on at 6:00 a.m.). Hypophy-
sectomized animals were given a commer-

cial orange juice-water mixture ad lib.
Enzyme assays. Animals were killed by

cervical dislocation. The adrenals were re-

moved, cleaned of fat and homogenized in
5 ml per pair 50 mM Tris-HC1 buffer, pH
7.4. The homogenates were centrifuged at
37,000 x g for 30 minutes. The supernatants
were then dialyzed overnight at 4#{176}against
400 volumes of Tris buffer to remove en-
dogenous “stabilizing factors” (3). PNMT
activity was assayed using 100 �il portions
of the supernatant with phenylethanola-
mine as substrate (1).

Thermal denaturation studies. Studies

on the thermal stability of PNMT were
performed on the crude supernatants as
previously described (3). At varying times

after heating at 50#{176},PNMT preparations
were removed and plunged into ice. Resid-

ual enzyme activity was determined and
plotted as the natural logarithm of enzyme
activity versus time of heating. Such a plot
yields a straight line, the slope of which is
the apparent first-order rate constant, k, of
thermal denaturation. The points were fit-
ted to the best line by least squares analysis

using a computer program for linear regres-
sions (Fig. 1). From this line, the slope and
its standard deviation were derived. The
thermal half-life of PNMT at 50#{176}was com-

puted by ti,2 = ln 2/k.
Tests of stabilization of PNMT by var-

ious compounds. Two test systems were

employed to study the effect of various
compounds on PNMT thermal stability.
Since hypophysectomy resulted in the loss
of endogenous stabilizing factors in vivo (3),
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crease in thermal stability of the enzyme
was seen. Cyclic AMP, on the other hand,

gave barely significant degrees of stabiiza-
tion at concentrations up to 40 zM, levels
substantially in excess of those usually re-

ported in the adrenal (7). Despite the fact
that S-adenosylhomocysteine did not mi-

grate with the endogenous stabilizing factor
on the paper chromatographic system, the
effect of this compound on PNMT thermal

stability was also tested: S-adenosylhomo-
cysteine had no effect on PNMT thermal
stability at any concentration tested.

Dose response effects of S-adenosylmeth-

ionine on PNMT thermal stability. Two
preliminary experiments had shown that 5-
adenosylmethionine stabilized PNMT

against thermal denaturation. To explore
the stabilizing effects of 5-adenosylmethi-

onine further, a series of dose-response
studies were undertaken. PNMT was pre-
pared from adrenals of hypophysectomized
animals or from control rats after dialysis.
Eight separate dose response experiments
were performed; the results of these exper-

iments are summarized in Fig. 2. At maxi-
mally effective concentrations, S-adenosyl-
methionine caused a greater than two-fold
increase in the thermal half-life of PNMT
(2.09 ± .06-fold increase, eight experi-
ments). A plot of 1/k versus 1/[SAM] for

each experiment yielded a straight line
from which the stabilization constant, K�,

could be determined. The mean K� value
was estimated to be 0.48 ± .05 �tM; this
compares with the Km of SAM for PNMT

of 2.75 �LM in unpurified preparations from
rat adrenals (2).

Stability of PNMT to tryptic proteolysis.
While the effects of S-adenosylmethionine,
S-adenosylhomocysteine and cyclic AMP
on PNMT thermal stability are of consid-
erable interest, their meaning and signifi-
cance lies in the role these compounds may

or may not play in regulating in vivo PNMT

proteolysis. The ideal way to study this is
to incubate these compounds with purified
PNMT and purified specific PNMT pro-
tease and determine their effect on PNMT
degradation. Since we have not yet isolated
the PNMT protease, the use of trypsin as
a proteolytic enzyme seemed a valid alter-
native model system in which we could test

l/[sAM] (j�M�)
FIG. 2. Calculation of stabilization constants for

5-adenosylmethionine in the PNMT thermal dena-

turation system

Over the course of several months eight separate

experiments were carried out testing the ability of

various concentrations of SAM to stabilize PNMT

against thermal denaturation. In each experiment,

SAM significantly stabilized PNMT in a manner

suggestive of Michaelis-Menten kinetics, i.e., a plot of

the rate constant, k, versus SAM concentration gave

a rectangular hyperbola, while a plot of 1/k versus 1/

[SAM] gave a straight line. We used this analogy to

Lineweaver-Burk kinetics, described by Borchardt (4),

in the following way: The intersection of the line with

the ordinate gives 1/kn,ax, where kmax is the maximum

rate constant of stabilization (analogous to Vma, in the

Michaelis-Menten system). The slope of the line is k,/

kmax, where K, is the stabilization constant, analogous

to K,�. The maximum predicted stabilization may then

be calculated by t,,2 max/tI/2� where t,2. is the PNMT

half-life in the absence of SAM (3.46 ± .11 mm, N =

8).

For each experiment kma,, tI/2 max, and K� were de-

rived. The mean ± SEM of these measures was then

obtained. The above figure shows the plot of all the

thirty-six rate constants obtained from the eight ex-

periments graphed as 1/k versus 1/[SAM]. The data

have not been corrected for assay variation or changes

in baseline half-life. The line was obtained by linear

regression analysis (r2:a = .557, p < .0003). K,, kmax,

tI/2 max and the maximum stabilization for the compos-

ite curve were calculated and compared with the mean

values obtained from the eight experiments and are

shown below:

Calculated Mean ± SEM of eight

(from figure) experiments

K� 0.434 �LM 0.480 0.054 ILM

kmax -.1165 min�’ -.1017 ± .0043 min’

6.57 mm 6.81 ± 29 mm

Maximum 1.9-fold 2.09 ± .06-fold

stabilization

our hypotheses. Accordingly, we examined
the tryptic proteolysis of PNMT along the
same parameters used in our thermal de-
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accelerates PNMT proteolysis in vivo, but
increases the rate of PNMT denaturation

in vitro as well. When adrenal gland ex-
tracts from hypophysectomized rats are
heated to 50#{176},the half-life of PNMT is
markedly reduced compared to that seen in
control rat preparations. Hypophysectomy

then, results in a PNMT molecule which is
more vulnerable both to in vivo proteolysis
and to in vitro denaturation (2).

Inquiry into the mechanism of these find-

ings disclosed the existence of a substance
which was present in normal rat adrenals,

and which conferred thermal stability on
PNMT. This material was lost after hypo-
physectomy, but could be restored by ad-

ministration of ACTH or glucocorticoids to
hypophysectomized rats. This substance,

termed “endogenous stabilizing factor,” ap-
peared to act by binding directly to the
PNMT molecule and, in so doing, stabilized
the enzyme against thermal denaturation.
Preliminary attempts to characterize this
substance showed it to be a dialyzable,
freeze-thaw labile material, a partially pu-

rifled preparation of which had an absorp-
tion maximum at 265 nm (3).

In this report we describe our studies on
the preliminary characterization of the “en-
dogenous PNMT stabilizing factor” and its
mechanism of action. The partially purified
stabilizing factor migrated on paper chro-
matography with an Rf similar to those of
5-adenosylmethionine and 3’,5’-cyclic
AMP, two purine-containing compounds of
potential importance in PNMT regulation.
When these were tested for stabilization of

PNMT against thermal denaturation, how-
ever, only 5-adenosylmethionine exerted a
significant stabilizing effect.

The proteolysis of PNMT by trypsin was
also examined in an attempt to design a
model system for understanding in vivo
PNMT proteolysis. The endogenous adre-
nal stabilizing factor which stabilizes
PNMT against thermal denaturation also
protects the enzyme against tryptic prote-
olysis. Similarly, addition of S-adenosyl-

methionine to PNMT preparations mark-
edly stabilizes the enzyme against tryptic
attack. Thus the data from the thermal
denaturation and tryptic proteolysis studies

are consistent, and support the view that S-

adenosylmethionine may be the “endoge-

nous stabilizing factor” previously de-
scribed and may play a role in the regula-
tion of in vivo PNMT levels by controlling

the proteolysis of the enzyme.

MATERIALS AND METHODS

Animals. Male Sprague-Dawley rats,
weighing 160-200 g, were obtained from
Zivic-Miller Laboratories, Allison Park, Pa.
Hypophysectomy was performed by the

supplier. Animals were maintained on Pur-
ma Lab Chow in a facility with automatic

temperature and lighting regulation (12:12,
light:dark, lights on at 6:00 a.m.). Hypophy-
sectomized animals were given a commer-

cial orange juice-water mixture ad lib.
Enzyme assays. Animals were killed by

cervical dislocation. The adrenals were re-

moved, cleaned of fat and homogenized in
5 ml per pair 50 mM Tris-HC1 buffer, pH
7.4. The homogenates were centrifuged at
37,000 x g for 30 minutes. The supernatants
were then dialyzed overnight at 4#{176}against
400 volumes of Tris buffer to remove en-

dogenous “stabilizing factors” (3). PNMT
activity was assayed using 100 �l portions
of the supernatant with phenylethanola-
mine as substrate (1).

Thermal denaturation studies. Studies
on the thermal stability of PNMT were
performed on the crude supernatants as
previously described (3). At varying times

after heating at 50#{176},PNMT preparations
were removed and plunged into ice. Resid-
ual enzyme activity was determined and
plotted as the natural logarithm of enzyme
activity versus time of heating. Such a plot
yields a straight line, the slope of which is
the apparent first-order rate constant, k, of

thermal denaturation. The points were fit-
ted to the best line by least squares analysis
using a computer program for linear regres-
sions (Fig. 1). From this line, the slope and
its standard deviation were derived. The
thermal half-life of PNMT at 50#{176}was com-
puted by ti,2 = in 2/k.

Tests of stabilization of PNMT by var-

ious compounds. Two test systems were
employed to study the effect of various
compounds on PNMT thermal stability.
Since hypophysectomy resulted in the loss
of endogenous stabilizing factors in vivo (3),




