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FIG. 1. Structure activity relationship among several PNMT substrates

purposes, as was SAH. The data from the
tryptic studies were similar to those seen in
the thermal degradation experiments, with

some important exceptions (Fig. 1). All
compounds tested except epinephrine were
effective stabilizers against tryptic proteol-

ysis. For those compounds that stabilized

the enzyme against both tryptic and ther-
mal degradation, a striking congruence of

K8 values between both systems was seen,
and the rank order of stabilizing efficacy
was almost identical between the two.

These findings suggested that the chemical
properties of a putative stabilizer at 50#{176}had
to be considered in evaluating the outcome
of the thermal degradation experiments.

(For example, norepinephrmne and SAH are
readily oxidized at 50#{176},while phenylethyla-
mine is highly volatile.) Thus it is important

in these types of studies to carry out both
thermal and tryptic studies, rather than
thermal studies alone. We have observed

several cases where compounds that were

ineffectual thermal stabilizing agents were
effective against tryptic proteolysis, but we
have never observed the opposite case:
compounds effective as stabilizers against
heat have always proved effective as stabi-
lizers against trypsin.

Structure-activity relationship in tryptic
stabilization among the biogenic amines.

The results of the thermal and tryptic sta-
bilization studies suggested a relationship

between the structure of the biogenic amine
substrate and the stabilization of PNMT

against denaturation. These results are

shown in Figure 1. They suggest two major
points: first, that affinity of the biogenic

amine for PNMT as measured both by K,

and by Km depends on the presence of a
hydroxyl group in the R1 (fi) position. It

has been known for many years that the
ability of a substituted phenylethylamine
derivative to act as a PNMT substrate de-

pends on its having a fl-OH moiety (7). Our
results confirm this and also show that the

affinity of a stabilizing compound for the
enzyme similarly depends on its having a
hydroxyl group in the /3- position.

Second, stabilization efficacy of a given
biogenic amine is maximal when the m and
p positions on the ring are unsubstituted.
Thus phenylethylamine and phenyletha-

nolamine, both of which have lower affinity
for PNMT than the other substrates, are

the most effective stabilizers in the series
tested. Addition of an -OH group at the p

position (octopamine) dramatically lowers

the efficacy of the compound as a stabilizer,
while additional substitution in the m po-

sition further reduces it. There appears to
be a complete dissociation between affinity
of a compound for the enzyme, which de-

pends on fl-substitution, and stabilization
efficacy, which depends on the degree of
substitution of the ring. The ring substitu-
ents are not as important in determining
Vmax as they appear to be in stabilization,
however.

Thus the substrate activity of a biogenic
amine is maximal when hydroxyl groups
are present in the fi, m and p positions

�I
-C-C -NH2

I�JR�

Compound R, R2 Ri K�

(jiM)

Vmax Kx

(jiM)

Maximum

stabiliza-

tion (fold)

Phenylethylamine H H H 479 0.02 174 4.59

Phenylethanolamine OH H H 67 0.25 66 4.69

Octopamine OH H OH 2.5 0.13 0.5 2.33

Norepinephrine OH OH OH 4.9 0.77 2.0 1.91

Normetanephrine OH OCH:i OH 118 0.18 52 1.90
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(norepinephrine), but stabilization activity
is maximal when all three positions are

unsubstituted (phenylethylamine), or when
only the /9-position is substituted (phenyl-
ethanolamine). Because norepinephrine is
the naturally-occurring substrate for
PNMT, these findings call into question the
importance of norepinephrine as the major
in vivo regulator of PNMT proteolysis (par-

ticularly because its levels are unaffected
by hypophysectomy) (8) and suggest that
relatively more importance should be as-
cribed to S-adenosylmethionine.

Interaction between SAM and substrate

in PNMT stabilization. Both 5-adenosyl-
methionine and some of the PNMT sub-
strates are highly effective stabilizers of

PNMT against both tryptic and thermal
denaturation. Because S-adenosylmethio-

nine and substrate bind to different sites on
the enzyme (9), we investigated whether or
not there was any interaction between

these sites. Such interaction might provide
greater protection of the enzyme when both
constituents were bound than that seen
with binding of either molecule alone.

Accordingly a series of experiments was

begun to determine if the presence of bio-
geniC amine substrate altered the kinetics
ofstabiization by SAM, and ifSAM altered
the kinetics of substrate constituents. The
results of a pilot experiment in which the
effects of phenylethanolamine and SAM on
PNMT thermal stability were tested
showed that the degree of enzyme stabili-
zation afforded by the combination of sub-
strates was considerably greater than would

be expected from either alone, or by the
sum of their actions. These results sug-
gested that the combination of substrate
and SAM might stabilize the enzyme in a

synergistic fashion.
This possibility was tested in a series of

dose-response experiments, two of which
are shown in Figure 2. S-adenosylmethio-
nine alone resulted in a maximal stabiliza-

tion of 1.95-fold, and the dose-response re-
lationship seemed to follow the typical pla-
teau curve. Phenylethanolamine stabilized
the enzyme by only 1.2-fold, but the com-
bination of phenylethanolamine and 5-
adenosylmethionine stabilized the enzyme
by 4.31-fold. Moreover, the slope of the

FIG. 2. Effects ofS-adenosylmethionine and phen-

ylethanolamine on PNMT thermal stability

Experiments were performed on purified bovine

PNMT as described in METHODS. The results are

derived from two experiments conducted on different

days; data have not been corrected for assay variation.

Various concentrations of S-adenosylmethionine were

added to enzyme preparations in the presence or ab-

sence of phenylethanolamine; ([phenylethanolaminel

= 1 166 jiM in experiment I, [phenylethanolamine] =

1041 jiM in experiment II). The enzyme preparations

were then subjected to thermal denaturation. Residual

PNMT activity was determined, and the first-order

rate constant of thermal denaturation determined (2-

4). From k, the rate constant, the half-life was calcu-

in 2

lated by ti,2 = -r- - The values for ti,2 were then

plotted against S-adenosylmethionine concentration.

second curve suggested that phenyletha-
nolamine markedly enhanced the affinity
of SAM for PNMT. Because of the complex
nature of this curve, values for the stabili-
zation constant (K.�) (3) could not be com-
puted with certainty.

Effects of phenylethanolamine and 5-
adenosylmethionine on PNMT tryptic sta-
bility. To confirm the findings described
above, the synergistic effects of phenyleth-

anolamine and SAM were tested in the
tryptic degradation system. Previous re-
sults (3) had suggested that the tryptic

degradation system was a more sensitive

indicator of stabilization than the thermal
denaturation system. Accordingly, a pilot
experiment in which both phenylethanola-
mine and SAM were present was carried
out. The results of this study showed that
the combination of phenylethanolamine
and SAM resulted in a marked degree of
stabilization against tryptic proteolysis.
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tion curve. Our previous studies were done

Phenylethanolamine stabilized PNMT by
1.39-fold, SAM by 4.58-fold, and the com-
bination of 5-adenosylmethionine and
phenylethanolamine stabilized the enzyme

by 9.71-fold.
The results of this experiment were con-

firmed and extended by a series of dose-
response studies (Fig. 3). These results sug-

gest that the presence of phenylethanola-

mine and SAM exerts a profound effect on
the stability of PNMT. The effect seen in
the tryptic studies is similar to but much
more dramatic than the results seen in the
thermal denaturation studies. In the pres-

ence of phenylethanolamine, the SAM
dose-response curve was shifted to the left,

indicating that phenylethanolamine in-
creased the affinity of S-adenosyhnethio-

nine for PNMT. In addition the curve

#{149} SUBSTRATE

S A

SAM

02 4 6 8

(SAM) jiM

Fm. 3. Effects of phenylethanolamine and S.

adenosylmethionine on PNMT tryptic stability

Various concentrations of SAM were added to en-

zyme mixtures, as described above and in (2, 3), with

and without 1166 jiM phenylethanolamine. The various

preparations were subjected to tryptic proteolysis.

Samples were then assayed for residual PNMT activ-

ity. Regression coefficients and half-lives were deter-

mined according to methods described in (2, 3), and

half-lives were plotted against [S-adenosylmethio-

nine]. A, Experiment I;#{149},Experiment II.

showed a complex profile, with a marked
increase in stabilization occurring at the
end of a plateau. Because of the complex
nature of the curve, no attempt was made
to calculate K� values by the double-recip-

rocal method previously described (3).
Effects of norepinephrine and 5-adeno-

sylmethionine on PNMT tryptic stability.

Our previous studies, as well as those de-
scribed above, had shown that phenyleth-
anolamine was an effective stabilizer of
PNMT against both thermal and tryptic
degradation. Norepinephrine, the natural
PNMT substrate, on the other hand, was
ineffective as a stabilizer against thermal
degradation, and only weakly effective as a
stabilizer against tryptic degradation. The
possibility existed, therefore, that our find-
ings with phenylethanolamine, while of in-

terest, had little or no significance in vivo.

Accordingly, a series of studies testing the
efficacy of norepinephrine, the natural
PNMT substrate, as a facilitator of SAM

stabilization were undertaken.
In a pilot experiment the combination of

norepinephrine and SAM resulted in a
marked degree of PNMT stabilization
against tryptic degradation. Norepineph-
rine alone stabilized the enzyme by 1.73-

fold, while SAM stabilized by 7.82-fold. The
combination of the two compounds stabi-

lized the enzyme by 21-fold.
A series of SAM dose-response studies,

carried out in the presence or absence of
norepinephrine, indicated that the cate-
cholamine markedly facilitated the stabiliz-
ing properties of SAM. The results of three

such studies are shown in Figure 4. S-aden-
osylmethionine stabilization in the absence
of norepinephrine shows the fairly typical
hyperbolic profile. Norepinephrine appears

to have effects similar to those of phenyl-
ethanolamine. In the presence of norepi-

nephrine the affinity of SAM for PNMT is
enhanced. Moreover the stabilization prop-
erties of SAM and norepinephrine show a

second rising phase after reaching an initial
plateau. The plateau phase is not as pro-
nounced as that seen in the phenylethanol-

amine curve (Fig. 3).
Effects of S-adenosylmethionine on the

norepinephrine dose-response stabiliza-
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FIG. 4. Effects ofnorepinephrine and 5-adenosyl-

methionine on PNMT tryptic stability

Various amounts of SAM were added to enzyme

preparations as described above and in (2, 3), with or

without norepinephrine (19.7 jiM). The samples were

then subjected to proteolysis by trypsin (1 jig/sample)

for 0, 5, 10, and 20 mm, then assayed for residual

PNMT activity. Regression coefficients and half-lives

were determined, according to methods described in

(2, 3), and half-life was plotted against [S-adenosyl-

methionine].

testing the effect of a fixed concentration of

substrate and a varying concentration of
SAM. These results indicated that the pres-

ence of substrate both enhanced the stabi-
lizing properties of SAM, and increased the

affinity of this compound for PNMT.
The possibility existed, therefore, that

SAM and substrate might be mutually syn-

ergistic. We next considered the possibility

that the presence of SAM might influence
the dose-response curve for norepineph-
rifle. Accordingly a series of experiments
was designed to test this. The results of two

such experiments are shown in Figure 5. In

contrast to the previous studies, where nor-

epinephrine markedly enhanced the affin-
ity of SAM for PNMT, SAM had no effect
on the norepinephrmne dose-response curve.
SAM alone stabilized the enzyme by 2.33-
fold, norepinephrine alone stabilized by

about 3-fold, and the combination by 6.67-
fold. Although the combination of norepi-
nephrine and SAM was markedly more ef-
fective than either agent alone, there

seemed to be no shift in the norepinephrine
dose-response curve. Moreover the second

rapidly-rising portion of curve seen in Fig-

ures 3 and 4 is not seen as dramatically in
Figure 5. It thus appeared that SAM did
not greatly facilitate norepinephrmne stabi-
lization of the enzyme, despite the finding
that norepinephrmne markedly facilitated

SAM stabilization.
Mathematics of stabilization of PNMT

by SAM and substrate. A complex relation-
ship exists between substrate and SAM on
PNMT stabilization against degradation. In
every experiment in which the SAM dose-

response effects on enzyme stability were
determined in the presence of substrate, a
marked enhancement of stabilization was
seen. The extent of this stabilization was
far greater than would be expected from
the sum of the stabilization values of sub-

strate alone or SAM alone. Similarly, the
product of these values was much less than
the observed degree of stabilization.

In an effort to develop a formula for the
extent of stabilization seen in the presence
of substrate and SAM, a number of com-

binations were tested. The formula that
most closely fit the observed data was the
following:

Sc = SSAM + SNE + (SSAM.SNE)

where Sc = calculated stabilization; SSAM

= stabilization by SAM alone; SNE = sta-

bilizzition by norepinephrmne alone. This re-
lationship was derived empirically but

10 20 30 40

jiM N0REPINEPHR�.JE

FIG. 5. Effect of SAM on the tryptic stabilization

by norepinephrine

S-adenosyimethionine was present at a concentra-

tion of 4 jiM (top curve) or omitted from the incubation

mixture. The concentration of norepinephrine was

varied, and at each concentration the half-life of

PNMT in trypsin was determined.
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seemed to be reasonably accurate in de-
scribing the observed degree of stabiliza-
tion. In a typical stabilization experiment,
for example, in which phenylethanolamine

was present in fixed concentration but the
concentration of 5-adenosylmethionine was
varied, the maximal stabilization seen by

SAM alone was 1.67-fold, the stabilization
by phenylethanolamine alone was 1.32-fold
and the combination of substrate and SAM
stabilized the enzyme by 5.12-fold. The for-
mula above would have predicted a 5.19-
fold degree of stabilization. In many cases,
this degree of similarity was obtained; in
others observed and calculated stabilization

values diverged.
To test whether the empirical derivation

was, in fact, a valid estimate of the data,

the results of 11 SAM dose-response studies
in which substrate was present were ex-
amined. The observed degree of stabiiza-

tion in the presence of SAM and substrate
were compared with the estimates derived

by the formula above. The observed stabi-
lization was then plotted against the cal-
culated stabilization estimated from the
formula, and correlation analysis carried

out. The results are shown in Figure 6. The
data show a striking correlation between
the degree ofstabiization actually observed
and that calculated from the empirically-
derived formula.

Model for the regulation of PNMT pro-

teolysis by substrate and by S-adenosyl-

methionine. The findings described in this
report suggested the following model,
which is summarized in Figure 7. The
PNMT molecule is conceptualized as hay-

ing a number of proteolytically vulnerable

sites in the regions of the norepinephrine

(substrate) and SAM binding sites. In Fig-
ure 7A, three such sites that are vulnerable
to proteolytic cleavage are hypothesized.

The binding of norepinephrmne (Fig. 7B)
results in a conformational shift in the

PNMT molecule such that the proteolyti-
cally vulnerable site (No. 1) in this region

is protected from degradation. The other
sites (2 and 3) remain vulnerable; the effect
of binding substrate alone is about a two-
fold stabilization of the enzyme. Binding of
SAM, on the other hand (Fig. 7C), results

in an enzyme conformational shift such that

FIG. 6. Comparison of observed stabilization and

calculated stabilization of SAM-substrate studies

We observed that in most experiments the observed

stabilization closely approximated the stabilization

calculated by the formula S, = S. + SSAM + (S. . SSAM).

To determine the validity of this formula, the calcu-

lated stabilization for 1 1 dose-response experiments

was plotted against the stabilization observed in those

experiments. If a perfect correlation existed, then

regression analysis should have given the line with

slope of 1.00, which passed through the origin. The

actual line was given by Y = -3.49 + 1.05x; r,2 = 0.90,

(p < 0.0001). Thus the actual line deviated somewhat

from the ideal line. The coefficients of the calculated

line were: Y intercept = -3.49 ± 2.14 and slope = 1.05

± 0.12. These did not differ significantly from Y inter-

cept = 0 and slope = 1 respectively.

site 3, but not sites 1 and 2 are protected.
This confers an approximately six-fold de-
gree of stabilization, as measured in several
experiments.

When both norepinephrine and SAM are
bound (Fig. 7D), maximum stabilization of

PNMT against proteolysis is achieved. Not

only are sites 1 and 3 protected, but the
apposition of substrate and SAM induces a

second conformational shift such that site
2 is now protected, and the enzyme is max-
imally stabilized against proteolysis. Under
these conditions, PNMT degradation by
trypsin in the procedures we routinely use
is very difficult to demonstrate. At times
half-lives for PNMT in trypsin as long as
450 mm (control = 10-15 mm) have been
measured.
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FIG. 7. Model for the regulation of PNMTprote.

ol�vsis by SAM and substrate

Details are in the text.

DISCUSSION

The results of the reports published in
this series demonstrate that glucocorticoid
hormones regulate the steady-state levels
of PNMT by preventing the intracellular
proteolysis of the enzyme. While the precise
mechanism of the glucocorticoid effect is
not entirely worked out, the following
points have been verified.

1. Hypophysectomy reduces intracellu-
lar PNMT levels by accelerating the in vivo

proteolysis of the enzyme. When rats are
hypophysectomized, immuno - titratable

PNMT levels fall markedly, and are re-
stored by dexamethasone treatment. By
combined pulse-labeling and immunochem-
ical isolation procedures, we determined
that PNMT levels declined after hypophy-
sectomy because the enzyme was being de-
graded more rapidly in vivo; this process
was reversed by dexamethasone adminis-
tration (1).

2. Concomitant with the acceleration in
in vivo degradation, hypophysectomy

caused an increased vulnerability of PNMT
to thermal and tryptic degradation. PNMT

from hypophysectomized rats does not dif-
fer in its electrophoretic mobility (2), its Km

for phenylethanolamine or SAM (1), or its
immunogenicity (1). However, PNMT in
adrenal supernatants of hypophysecto-
mized rats is much more rapidly degraded

by heating at 50#{176},or by tryptic proteolysis

(2).
3. The thermal and proteolytic stability

of PNMT is controled by an endogenous
adrenal stabilizing factor. This compound
is present in the adrenals of normal rats,
and is lost after hypophysectomy. When
added to supernatant preparations from hy-
pophysectomized rats, this stabilizing fac-
tor restores the thermal and tryptic stabil-

ity of PNMT. Glucocorticoid or ACTH ad-
ministration to hypophysectomized rats re-
stores stabilizing factor levels, restores the

thermal stability of the enzyme, and pre-
vents its in vivo proteolysis (1). The endog-
enous adrenal stabilizing factor is a freeze-
thaw labile, dialyzable small molecule
which binds directly to PNMT. A purified
preparation of the stabilizing factor had
ultraviolet absorption and paper chromat-
ographic properties similar to those of
SAM, the methyl donor in the PNMT re-
action (3).

4. Addition of varying concentrations of
SAM to adrenal preparations from hypo-
physectomized rats resulted in marked sta-
biization of the enzyme against either ther-
mal or tryptic degradation (3). Administra-
tion of SAM to hypophysectomized rats
resulted in partial restoration of PNMT
levels and of the thermal stability of the
enzyme (3). Thus SAM acted both in vivo
and in vitro as a stabilizing agent. Dexa-
methasone, in contrast, was ineffective in

stabilizing PNMT against in vitro degra-
dation (2). SAH, the demethylated ana-

logue of SAM, was ineffective in stabilizing
PNMT against thermal degradation, thus
ruling out this compound as the “endoge-
nous stabilizing factor.” However, SAH was
effective in stabilizing PNMT against tryp-
tic degradation, thus eliminating the possi-
bility that SAM stabilized PNMT by meth-

ylating free carboxyl groups on the PNMT
molecule (3).

5. Estimates of the K, (stabilization con-

stant) values for SAM (0.5 �LM) were below
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the Km of SAM for PNMT (2.8 jiM), but
higher than the endogenous concentrations
of SAM in our sample preparations (0.3
/LM). This suggested the existence of an-
other compound that either facilitated the

action of SAM or was an original stabilizing
factor. Furthermore, if SAM could stabilize
PNMT against degradation, it seemed
likely that other constituents of the PNMT
reaction, such as substrate or product,
could function in a similar manner. Accord-
ingly, both norepinephrine, the natural sub-
strate for PNMT, and epinephrmne, the re-
action product, were tested for stabilizing
ability. Epinephrine had no stabilizing ef-
fect on either thermal or tryptic degrada-
tion of PNMT. Norepinephrine was slightly
effective as a stabilizer against tryptic deg-
radation, but ineffective as a stabilizer
against thermal degradation. In testing a
variety of PNMT substrates for stabilizing
efficacy, the most effective was phenyleth-

anolamine, and the least effective was nor-
epinephrine. These results suggested that
substrate by itself probably played a limited

direct role in stabilizing PNMT against deg-
radation, a role which was secondary in
importance to that played by 5-adenosyl-

methionine.

6. Although substrate did not play the
major role in stabilizing PNMT against pro-
teolysis, the presence of norepinephrine or
phenylethanolamine markedly augmented

the stabilizing action of SAM. Moreover,
the presence of substrate greatly increased
the affinity of SAM for PNMT, thus mak-
ing the low endogenous SAM concentra-
tions present in our sample preparations
highly effective in stabilizing the enzyme

against in vitro degradation.
These findings therefore suggest that the

binding of substrates and cofactors may
play an important role in regulating in vitro
enzyme degradation. The extension of this
possible role to intracellular function

should be undertaken with caution. The
following points require further experimen-
tal verification before the data obtained in
vitro can be taken as evidence of an intra-
cellular regulatory mechanism: 1) SAM 1ev-
els must be shown to be under glucocorti-
coid control and 2) the administration of

SAM to hypophysectomized rats should

prevent the increased degradation of

PNMT caused by hypophysectomy.

In support of the first proposition, recent
evidence from our laboratory shows that
hypophysectomy causes a marked reduc-

tion in adrenal SAM content (Wong, D. L.
and Ciaranello, R. D. in preparation). The

reduction in SAM content was commensu-
rate with the decline in PNMT levels ob-
served in the same animals. The second
hypothesis, that SAM administration slows
PNMT degradation in vivo, is currently

being investigated in our laboratory.
With the caveat that proof that our in

vitro findings describe an in vivo regulatory
mechanism is not yet complete, we can

nonetheless ask two relevant questions: 1)
what is the evidence that similar regulatory
mechanisms exist for the control of the
proteolysis of other enzymes, and 2) can

our findings be generalized to other SAM-
dependent methyltransferases?

There is considerable evidence that the
model we presented of ligand-induced con-
formational shifts affecting enzyme prote-

olytic vulnerability is a valid one. Katun-
uma et al. (10) have shown that the prote-
olysis of the pyridoxal-dependent rat intes-

tinal mucosal enzymes is carried out by a
single proteolytic enzyme. This protease
rapidly degrades the apo-enzyme, but the
pyridoxal phosphate-containing holoen-

zyme is resistant to proteolytic attack. Re-
cently Dunaway et al. (11) have demon-
strated the existence of a peptide stabilizing
factor that is regulated by insulin and that
controls the degradation of phosphofructo-

kinase (PFK-L2). Although its mechanism
is unknown, this stabilizing factor is
thought to alter the susceptibility of PFK-

L2 by controling the susceptibility of the
enzyme to degradation. Similarly, Schimke
has proposed a model whereby presence of
substrate alters the tertiary conformation
of an enzyme, making it more resistant to

proteolytic destruction (12). Matsuzawa
(13) has proposed a reversible conversion
between the holoenzyme and apo-enzyme
forms of ornithine �-aminotransferase.
When pyridoxal phosphate is bound, the
holoenzyme assumes a stable, “tight-state”
configuration, whereas the apo-enzyme is

in a “relaxed” conformation that is labile to
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proteolytic degradation. Lastly, there

seems to be general agreement that data

derived from in vitro systems using model
proteases such as trypsin and pronase ac-

curately reflect the degradation of enzymes
by intracellular proteases. The sort of
model we are currently proposing seems to
be one that has already gained acceptance

among other workers studying different en-
zyme systems.

It is also important to consider whether
our findings are generalizable to other
methyl transfer reactions, including bio-
genic amine synthesis and inactivation,

tRNA methylation, protein methylation,
phospholipid methylation, and steroid

methylation. In a preliminary effort to as-
sess this, we have recently found that hy-
droxyindole 0-methyltransferase, the pin-
eal enzyme that catalyzes the terminal step
in melatonin biosynthesis, seems to follow
the same pattern we have observed for

PNMT. After hypophysectomy, pineal
HIOMT levels fall profoundly, and can be
restored by glucocorticoid or SAM admin-
istration. The presence of SAM markedly
stabilizes HIOMT against tryptic attack,
while N-acetylserotonin, the enzyme sub-
strate, is relatively ineffective in this role.
The presence of substrate, however, facii-

tates the stabilizing efficacy of SAM (San-
drock, A., Leblanc, G., and Ciaranello, H.
D. Manuscript in preparation).

Our data suggest, then, that factors such
as ligand binding that affect the tertiary
conformation of an enzyme may play a
critical role in determining the rate at
which the enzyme is degraded by intracel-
lular proteases. If true, this would explain
the apparent “specificity” of proteolytic re-

actions. One of the more troublesome ques-
tions plaguing investigators in this field has
been the issue of “specificity” of proteases.
If proteases are specific for their enzyme
substrates, then each enzyme, or class of
enzymes, would have its own protease. Fur-
thermore, because proteases themselves
must undergo intracellular destruction,

does this mean each protease has its own
protease? If so, much of the cell enzymatic
machinery must be given over to “garbage”
functions. This seems hardly a parsimo-
nious utilization of cellular resources.

The models we and others have pre-

sented avoid this troublesome postulate. By
the reasoning we are proposing a single
protease might regulate the turnover of
many enzymes. Association of those en-

zymes with substrates, cofactors or other
ligands would determine the enzyme con-

formation, and thus its proteolytic vulner-
ability. Proteolytic specificity, then, would
reside in the interaction between the en-

zyme and its ligand. The data from several
laboratories would seem to support this
argument. Moreover, our recent findings

that SAM might affect HIOMT degrada-
tion as well as the proteolysis of PNMT
would offer further credence to this view-
point.
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SUMMARY

LAU, CHRISTOPHER AND THEODORE A. SLOTKIN. Regulation of rat heart ornithine
decarboxylase: change in affinity for ornithine evoked by neuronal, hormonal, and
ontogenetic stimuli. Mol. Pharmacol. 16: 504-512 (1979).

The activity of ornithine decarboxylase (ODC), the rate-limiting enzyme involved in the

biosynthesis of polyamines, is markedly elevated in the adult rat heart 4 hr after
isoproterenol or 24 hr after triiodothyronine treatment. The rate of degradation of ODC
activity, measured after administration of cycloheximide, was not affected by these
stimuli: half-lives of the enzyme remained between 18 and 24 mm. After isoproterenol or
triiodothyronine stimulation of adult rat heart, and in neonatal rats, kinetic data revealed

the presence of a different form of the enzyme, with a Km of 30-50 /.LM, compared with 260
/.LM in the adult control. Pretreatment with actinomycin D did not prevent elevation of
ODC activity caused by isoproterenol, nor did cyclic AMP appear to be involved in the

ODC stimulation. These results suggest that heart ODC regulation involves mechanisms
different from those seen in other tissues.

INTRODUCTION

An increasing amount of experimental
evidence indicates that the enzyme orni-
thine decarboxylase (EC 4.1.1.17, ODC)’
plays a key role in the growth, proliferation
and differentiation of all cells (1-3). Orni-

thine decarboxylase catalyzes the first and

probably rate-limiting step in the biosyn-

thesis of the polyamines, the formation of
putrescine from ornithine (4, 5). Studies
with regenerating liver (5-7), tumor cells

(5) and a wide variety of prokaryotic and
eukaryotic systems have demonstrated that
ODC activity is high during rapid growth
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and decreases as growth ceases or as the
number of actively dividing or growing cells

declines.
In some mammalian systems, ODC activ-

ity may be regulated by changes in the rate
of synthesis of the enzyme, because protein

synthesis inhibitors interfere with stimula-
tion of ODC (8). Russell and co-workers
have proposed that, in regenerating rat

liver, there is transcriptional control of

ODC induction that is mediated by type I
cyclic AMP-dependent protein kinase (9).
However, other studies in liver (10), cul-
tured cells (11), and additional systems
have revealed multiple forms of ODC, rais-
ing the possibility of posttranslational con-
trol of enzyme activity (12). Indeed, puta-
tive activators and inhibitors of ODC have

been partially characterized in both mam-
malian and nonmammalian systems (13-
16).

504
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In addition to stimulation of ODC during

general growth, recent investigations have

shown that ODC can be increased in target

organs by exposure to specific hormones or

neurotransmitters (3, 7, 17-19). In the ad-
renal cortex, at least two mechanisms ap-
pear to be involved in stimulation of ODC

by ACTH: one requires de novo RNA syn-
thesis and the other does not (20). In the
heart, agents that cause cardiac hypertro-
phy such as isoproterenol (19) and triiodo-

thyronine (18) have been demonstrated to
evoke large increases in ODC. The heart
differs from many other tissues and cul-
tured cells in that it goes through two dis-

tinct phases of growth. Early in develop-
ment, DNA replication takes place, but the

mature heart is incapable of synthesizing
new DNA (21, 22); further growth of the

heart represents hypertrophy of pre-exist-
ing cells. Thus, this tissue offers a unique
opportunity to study modes of ODC control

in replicating and nonreplicating cells in the
same tissue at different stages of develop-
ment. The present studies indicate that the
increases in heart ODC in response to dif-

ferent stimuli all involve one common fea-

ture: the appearance of a form of the en-
zyme with an increased affinity for sub-
strate.

METHODS

Treatment of rats. For studies in mature

adults, Sprague-Dawley rats (Zivic-Miller)
of both sexes weighing 250-380 g were sac-
rificed by decapitation after various drug

treatments as described below. Animals
were sex-matched between the control and
treated groups within each individual ex-

periment. For studies in developing ani-
mals, timed pregnant Sprague-Dawley rats
were housed individually in breeding cages

and allowed food and water ad libitum.
Pups from all litters were randomized at
birth and redistributed to the nursing
mothers with litter sizes kept at 8-10 pups.
In each experiment, pups of both sexes were
selected from several different cages.

Ornithine decarboxylase (ODC) assay.

Hearts or livers were excised, homogenized
(Polytron) in 19 volumes of ice-cold 10 mr�i

Tris-HC1 (pH 7.2) and then centrifuged at

26,000 x g for 15 mm. Duplicate or tripli-

cate aliquots of the supernatant were re-

moved for the assay of ODC activity by a
modification of the method of Russell and

Snyder (5); the incubation mixture con-
tamed 0.9 ml of the supernatant prepara-
tion and final concentrations of 1.8 m�i
dithiothreitol, 50 �LM pyridoxal-5’-phos-

phate and 9.5 �M dl-[’4Cjornithine in a
final volume of 1 ml. In the kinetic studies,
[14C]ornithine was isotopically diluted with
unlabeled dl-ornithine to achieve desired
concentrations. The evolved ‘4CO2 was

trapped in hyamine hydroxide and counted
by liquid scintillation spectrometry. Under
these conditions, enzyme activity was linear
with time and tissue concentration. Activi-

ties are reported as pmols of ‘4CO2 evolved
per hour per gram wet weight of tissue.

Protein and RNA synthesis in rat heart.

Mature adult rats were divided into groups
that received either actinomycin D (10 mgI
kg i.p.), cycloheximide (200 mg/kg i.p.) or

vehicle. One hr later [‘3H]uridine (2 mCi/
kg s.c.) was given to the actinomycin D-
treated and one control (vehicle) group,
while [‘4C]leucine (100 �tCi/kg s.c.) was
given to the cycloheximide-treated and an-

other control group. In a similar fashion, 2-
day-old pups were treated with vehicle or
cycloheximide and then with [‘4C]leucine.
Rats were sacrificed 30 mm and 1 hr after
administration of uridine and leucine, re-
spectively. Hearts were homogenized (Pol-
ytron) in 19 volumes of ice-cold 0.3 M su-

crose containing 25 mM Tris-HC1 (pH 7.4).
One-half ml of the homogenate preparation
was digested with 1 ml of hyamine hydrox-

ide to determine the isotope uptake into
the heart while RNA and proteins were
precipitated from another aliquot with 15%
trichloroacetic acid, centrifuged, washed
twice with trichloroacetic acid and digested
with hyamine hydroxide to measure the
amount of isotope incorporated into RNA
and proteins. The radioactive hyamine hy-

droxide mixture was then counted by liquid
scintillation spectrometry.

Acute stimulation and inhibition of ODC

activity. Mature rats were divided into six
groups, each consisting of 6-8 animals and
treated as follows: (1) saline was given to
controls, (2) isoproterenol sulfate (0.2 mgI

kg s.c.) was given 4 hr prior to sacrifice, (3)
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cycloheximide (200 mg/kg i.p.) was given 5
hr prior to sacrifice, (4) cycloheximide was
given 1 hr prior to isoproterenol adminis-

tration, (5) actinomycin D (10 mg/kg i.p.)
was given 5 hr prior to sacrifice, and (6)
actinomycin D was given 1 hr prior to iso-
proterenol treatment. Rat hearts were re-
moved and the ODC activity was assayed
as described above.

Determination of half-life of ODC activ-

ity after cycloheximide. Because heart

ODC activity in fully mature adult rats is

low, somewhat younger animals (5-7 weeks
old) were used to determine the fall-off of
activity after cycloheximide. The young
adult rats were treated with isoproterenol
(0.2 mg/kg s.c.) or with T3 (0.1 mg/kg s.c.).
For studies in earlier stages of development,
2-day and 1-day old neonates were selected.
Several rats in each group were then given

vehicle while the rest received cyclohexi-
mide (200 mg/kg i.p. given 4 hr after iso-
proterenol or 24 hr after T.�) and were killed

5, 10, 15, 20 or 30 mm later.

Determination of kinetics of ODC. The
enzyme kinetics of mature adult and devel-
oping rat heart ODC were determined uti-
lizing a range of ornithine concentrations
from 6 ��LM to 400 �tM. Additionally, kinetics
were determined in adult rats given isopro-
terenol (4 hr after 0.2 mg/kg s.c.), cyclohex-
imide (15 mm after 200 mg/kg i.p.), T3 (24
hr after 0.1 mg/kg s.c.), actinomycin D (5
hr after 10 mg/kg i.p.) or actinomycin D
followed one hr later by isoproterenol.

Hearts were pooled from three or four adult
rats in each group or from 20 neonates.

Ornithine decarboxylase activities were as-
sayed in triplicate for each ornithine con-

centration. Data of the kinetic studies are
presented as double reciprocal plots.

Study with mixed tissue preparations.
Hearts from mature adult rats treated with
either saline (control), isoproterenol (4 hr
after 0.2 mg/kg s.c.), cycloheximide (30 nun
after 200 mg/kg i.p.) or T3 (24 hr after 0.1
mg/kg s.c.) or from 2-day-old pups were
removed and homogenized as already de-

scribed. Prior to assay, 0.45 ml aliquots of
the control supernatant preparation were

mixed with 0.45 ml aliquots of the other
groups and the ODC activities then deter-

mined.

Cyclic AMP studies. Mature adult rats
received s.c. or i.p. injections of saline or
DMSO vehicle, dibutyryl cyclic AMP (25
mg/kg in saline), 8-bromo-cyclic AMP (18
mg/kg in saline) or prostaglandin E1 (50
�zg/kg administered in 0.25 ml of DMSO),
and were killed 4 hr later. Hearts and livers
were assayed for ODC activity. In addi-
tional experiments, rats were given a long-
acting ganglion blocker (chlorisondamine
chloride 5 mg/kg s.c.) to prevent reflex sym-
pathetic stimulation; this was necessary be-
cause theophylline produced substantial

stimulation of heart ODC by sympathetic
nerve activation. These animals were then
treated one hr later with theophylline (45
mg/kg i.p.) or vehicle. One hr after theo-
phylline, the rats were given saline or iso-
proterenol (0.2 mg/kg s.c.), killed one hr
after this fmal injection, and hearts assayed
for ODC. The shorter time course was used
here to ensure that the stimulation by iso-
proterenol alone would be submaximal.

Statistics. Results are presented as
means and standard errors with levels of
significance calculated by the Student’s t-
test (two-tailed, unpaired). Straight lines
were determined by linear regression anal-

ysis.

Materials. [1-’4C]dl-ornithine monohy-
drochloride (52.8 mCi/mmol) was obtained
from New England Nuclear Corp., [U-
‘4C]l-leucine (312 mCi/mmol) and [5,6-
:sHluridmne from Schwarz-Mann, chlorison-
damine chloride from Ciba Pharmaceuti-
cals, dithiothreitol from Bachem Fein-

chemikalien AG, and 3,3’,5-triiodo-l-thyro-

nine (sodium salt), pyridoxal-5’-phosphate,
dl-ornithine monohydrochloride, dl-isopro-
terenol sulfate, cycloheximide, actino-
mycin D, dibutyryl cyclic AMP (sodium
salt), 8-bromo-cyclic AMP and prostaglan-
din E1 from Sigma Chemical Co.

RESULTS

Mature adult rats (250-380 g) had a basal
heart ODC activity of 403 ± 33 pmol/g/hr
at a substrate concentration of 9.5 �tM (Ta-

ble 1). A sixfold increase in enzyme activity
was obtained 4 hr after isoproterenol at this

subsaturating ornithine concentration. Pre-
treatment with actinomycin D failed to pre-
vent this increase; the small reduction
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FIG. 1. Time course of the decline of ODC activities in rat heart after administration of 200 mg/kg of

cycloheximide i.p

A. Young adult (5-7 weeks old) rats given saline (control), 0.2 mg/kg of isoproterenol 4 hr before cycloheximide

or 0.1 mg/kg of T:3 24 hr before cycloheximide. B. Two-day and ten-day old neonates. Each point represents the

mean and S.E. from a minimum of six animals.
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(�30%) in activity of actinomycin D- +

isoproterenol-treated rats compared to iso-

proterenol alone was similar to the reduc-
tion seen in control rats given actinomycin

TABLE 1

Effects of actinomycin D (10 mg/kg i.p.) and

cycloheximide (200 mg/kg i.p.) on adult rat heart

ODC stimulation caused by isoproterenol (0.2 mg/kg

s.c.)

6-8 determinations.

Treatment Heart ODC
activity

(pmols/g/hr)

Control 403 ± 33

Isoproterenol (4 hr) 2653 ± 132=

Actinomycin D (5 hr) 244 ± 52b

Actinomycin D (5 hr) + Isopro-

terenol (4 hr) 1834 ± 204’

Cycloheximide (5 Kr)

Cycloheximide (5 hr) + Isoproter-

9 ± 11=

enol (4 hr) 2 ± 5”

“p < 0.001 vs. control.
<0.05 vs. control.

Cp < 0.001 vs. control, p < 0.01 vs. isoproterenol, p

<0.001 vs. actinomycin D.
d� < 0.001 vs. control, p < 0.001 vs. isoproterenol,

N.S. vs. cycloheximide.

D alone (�40%). The dose of actinomycin
D used in this study reduced incorporation

of [3H]uridine into cardiac RNA by 80-95%.
Pretreatment with cycloheximide led to to-
tal loss of ODC activities in both control

and isoproterenol-stimulated animals. In-
corporation of [‘4Cjleucine into cardiac pro-
teins was reduced 97% by cycloheximide in
adult rat heart and 96% in developing rat

heart.
In order to assess the rate of degradation

of ODC activity in young adult (5-7 week
old) rat hearts, cycloheximide was admin-
istered and the rate of decline of the enzyme
activity was examined (Fig. 1). As has been
found in rat liver after partial hepatectomy
(8), basal heart ODC activity displayed a
rapid turnover with a half-life of 18 mm.
When cycloheximide was given 4 hr after
isoproterenol, the half-life of heart ODC
was only slightly prolonged (24 mm). Sim-
ilarly, after stimulation of adult heart ODC
with T3 as well as in the untreated devel-
oping rat (2 and 10 day old), there was no
substantial change in the rate of turnover,
with half-lives after cycloheximide admin-

istration ranging from 19 mm to 23 mm. In
contrast to drug administration in vivo, cy-




