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ABSTRACT

It has been shown previously (Porter et al., Cancer Res., 45: 2050-
2057, 1985) that the A",/V"-bis(ethyl) derivative of spermidine has

significant antiproliferative activity which appears to derive from its
regulatory effects on the polyamine biosynthetic pathway, particularly on
ornithine decarboxylase activity. In the present study, .V',.V4-
bis(ethyl)putrescine (BEP) and /V',/Vu-bis(ethyl)sperinine (BESm) were
compared with A",/V8-bis(ethyl)spermidine (BES) in their ability to

inhibit cell growth and regulate polyamine biosynthesis. With cultured
1.1210 murine leukemia cells, the 1CÂ»values at 48 h were ~2 HIMfor

BEP, 30 UMfor BES, and 1 MMfor BESm making the latter the most
effective polyamine inhibitor or analogue thus far identified. At concen
trations which approximated ICjo values and yielded similar intracellular
concentrations at 48 h (1500-2000 pmol/lO* cells), the effects of the

analogues on polyamine biosynthesis generally correlated with their
antiproliferative activity. BEP, at l IHM,exerted relatively minor effects
on polyamine biosynthesis. By contrast, 100 UMBES totally eliminated
ornithine decarboxylase activity, depleted putrescine and spermidine
pools, and decreased spermine pools by 40%. AdoMet decarboxylase
activity was lowered slightly. The most impressive effects were obtained
with 10 UMBESm which decreased ornithine and AdoMet decarboxylase
activities by 99 and 84%, respectively; depleted putrescine and spermidine
pools; and decreased spermine pools by 73%. None of the analogues, at
1 or 3 HIM,had significant direct inhibitory effects on the decarboxylase
activities from untreated cells with the exception of BESm which inhib
ited ornithine but not AdoMet decarboxylase activity. Thus, the effects
of the analogues on these enzymes in treated cells are presumed to be
mainly mediated by regulatory mechanisms. In this regard, BESm was
superior to BES since both ornithine and AdoMet decarboxylase activi
ties were suppressed. Given its unique activities, BESm would seem to
have potential as both an antiproliferative agent and also as an experi
mental probe for studying regulation of the polyamine pathway, particu
larly AdoMet decarboxylase.

INTRODUCTION

Chemotherapeutic intervention of polyamine biosynthesis
has proven to be a curative strategy in the treatment of certain
parasitic diseases in both experimental systems (1, 2) and
patients (3, 4). Although the success of this approach has been
less impressive in the control of neoplastic disorders, data from
tumor models has been sufficiently promising to warrant clini
cal trials (5-7). Thus far, the validity of this strategy has been
confirmed by the use of specific inhibitors of polyamine biosyn
thetic enzymes, most notably, DFMO,3 an irreversible inhibitor

of ornithine decarboxylase (8).
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As an alternative to the use of enzyme inhibitors, we have
sought to identify compounds which, instead, might regulate
the activities of key polyamine biosynthetic enzymes and
thereby introduce fewer compensatory responses in the pathway
(9-10). It has long been recognized that micromolar quantities
of exogenous polyamines can negatively regulate the activities
of critical polyamine enzymes within the cell (11-13). Although
biosynthetic activity is interrupted under such conditions, cells
continue to proliferate by utilizing the exogenous polyamines
for growth-related functions. We have postulated, therefore,
that a polyamine analogue which is capable of regulating the
activities of biosynthetic enzymes yet incapable of substituting
for authentic polyamines in functions required for cell growth
might be an effective antiproliferative agent (10).

In attempting to identify such an analogue, a series of SPD
derivatives were synthesized (14) and biologically evaluated (9,
15). Of these, BES was found to have the appropriate charac
teristics. Specifically, it negatively regulated ornithine decar
boxylase, depleted cells of PUT and SPD, failed to substitute
for SPD in supporting cell growth, and exhibited an IC50 (50%
inhibitory concentration) value in the range of 30 Ã•/Mat 48 h.
Subsequently, it was found to be comparable to DFMO in the
apparently causal relationship between polyamine effects and
cell growth (16). In addition, BES is nearly identical to SPD in
its ability to regulate ornithine decarboxylase and in the mech
anisms by which this is accomplished (17).

Since polyamine biosynthesis is known to be regulated by
PUT and SPM, as well as SPD, it became of obvious interest
to compare the effectiveness of BEP and BESm with BES in
their ability to alter polyamine biosynthesis and inhibit cell
growth (Fig. 1). The results indicate that, while BEP is relatively
inactive as either a regulator of polyamine biosynthesis or as
an antiproliferative agent, BESm is considerably more effective
than BES. In particular, BESm was found to impose additional
restraints on the polyamine biosynthetic pathway by concomi
tant ly suppressing the activities of both ornithine and AdoMet
decarboxylase.

MATERIALS AND METHODS

Materials. BEP ( Y.V',1 -4-dic-thyltnitani: diamine) was purchased as

a free base from Morton Thiokol, Inc. (Danvers, MA). BES and BESm
were synthesized as hydrochloride salts according to methods described
elsewhere (14, 18, 19).

Cell Culture. Murine L1210 leukemia cells were grown as suspension
cultures in RPMI 1640 medium containing 2% (4,2-hydroxyethyl)-l-
piperazine ethane sulfonic acid-3-(Ar-morpholino)propanesulfonic acid

as a buffer system, 1 HIMaminoguanidine as an inhibitor of serum
diamine oxidase (20) and 10% Nu Serum IV (Collaborative Research,
Inc., Lexington, MA) as a semidefined serum substitute. In studies
evaluating the susceptibility of polyamines or polyamine analogues to
the action of diamine oxidase, 10% fetal calf serum was substituted for
Nu Serum IV and growth inhibition compared in the presence and
absence of 1 HIMaminoguanidine. Cells were grown in 75 cnr-tissuc
culture flasks in a total volume of 15 or 50 ml, respectively, under a
humidified atmosphere containing 5% carbon dioxide at 37Â°C.Cell
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Fig. 1. Structural representations of BEP, BES, and BESm in which the
hydrogen atoms of the aliphatic carbons in the polyamine moieties have been
purposely omitted. Note that, unlike the natural polyamines, the analogues have
no primary amino groups. They are therefore not likely to serve as substrates in
enzyme reactions mediated by diamine oxidase or spermidine and spermine
synthase.

number was determined by electronic particle counting (Model ZF
Coulter Counter; Coulter Electronics, Hialeah, FL). Cells were treated
with the polyamine analogues while in logarithmic growth with concen
trations ranging from 0.1 to 1000 uM. Incubations were carried out for
48 h.

Decarboxylase Activities. Extracts for measurement of ornithine
decarboxylase activity were prepared by sonicating control or treated
cells in 10 mM Tris-HCl (pH 7.2) containing 0.5 IBMNa2EDTA, 5 HIM
dithiothreitol, and SO uM pyridoxal-5 '-phosphate followed by centrif-

ugation at 20,000 x g for 20 min. Ornithine decarboxylase activity was
determined by measuring the release of radiolabeled CO: from i.-( I -
l4C)ornithine (New England Nuclear Corp.) in the presence of saturat

ing levels of pyridoxal phosphate (0.1 HIM)according to the methods
of Pegg and Seely (21). AdoMet decarboxylase activity was similarly
assayed using an S-(carboxyl-'4C)adenosylmethionine (New England

Nuclear) as a substrate in the presence of saturating (3 mM) PUT as
described by Pegg and Poso (22).

For direct enzyme inhibition assays, an enzyme-containing extract
from untreated cultured LI210 cells was incubated for 1 h with 1 or 3
mM of polyamine or analogue under the conditions of the enzyme
assay. Polyamines and analogues were neutralized with NaOH prior to
use. In the case of ornithine decarboxylase, pyridoxal phosphate was
increased 20-fold to counter possible chelation by the polyamines. BEP
effects on AdoMet decarboxylase were determined in the presence and
absence of 3 mM PUT to determine whether it could activate the
enzyme.Intracellular Polyamines and Analogues. An aliquot of IÂ»"cells was

taken for polyamine determinations following extraction with 0.6 M
perchloric acid. The extract was analyzed by high-performance liquid
chromatography using a system based on precolumn derivatization with
dansyl chloride and reversed-phase separation as described elsewhere

(23).
AdoMet and Decarboxylated AdoMet Pools. The intracellular levels

of AdoMet and decarboxylated AdoMet were measured using the same
perchloric acid extracts prepared for polyamine pool determinations.
Analysis of the extract was performed using a slight modification of
the method of Zappia et al. (24) as described elsewhere (25).

Uptake Competition. The ethylated polyamines were studied for their
ability to compete with [3H]SPD uptake into ascites 1.1210 leukemia

cells. The method used is identical to that described earlier (9).

RESULTS

The relative antiproliferative activities of BEP, BES, and
BESm were assessed by determining their IC50 values (Table
1). In order to minimize the potential contribution of serum
diamine oxidase in analogue-induced growth inhibition, IC5o
determinations were performed with a serum substitute (Nu
Serum IV) and in the presence of 1 mM aminoguanidine, an

Table 1 ICy, values for polyamines and bis(ethyl)polyamines under various
culture conditions for LI 210 cells

Polyamines or analogues were tested in buffered RPMI 1640 media containing
either 10% Nu Serum IV or 10% fetal calf serum in the presence of absence of 1
mM aminoguanidine, an inhibitor, or diamine oxidase (20). Data represent mean
values from two experiments performed in duplicate.

Polyamine
or analoguePUT

BEP
SPD
BES
SPM
BESmNu

Serum IV
+AGÂ°(iÃM)>1000

>1000
>1000

301601Fetal

calfserumC<M)+AG>1000

300
140
40
70

1-AG100

3604

401

1
" AG, aminoguanidine.

Concentration

Fig. 2. 1C,,, of LI210 cells at 48 h. Concentration dependence of growth
inhibition by BEP (O O), BES (â€¢ â€¢),BESm (x x) and the ornithine
decarboxylase inhibitor, DFMO ( ). Note that the response curves for the
analogues are unusually flat over a large concentration range. Cells were cultured
for 48 h in buffered RPMI 1640 medium containing 10% Nu Serum IV and 1
mM aminoguanidine. Data represent mean values from at least three experiments
performed in duplicate.

inhibitor of the enzyme (20). Under these conditions, BEP was
clearly the least active with an IC5o value of approximately 2
mM followed by BES at 30 UMand BESm at 1 (iM. By compar
ison, the ICSo values for the biological polyamines were as
follows: PUT, >1 HIM; SPD, >1 HIM; and SPM, 160 ^M. It
should be noted that unlike cytotoxic agents, the dose-response
curves are extremely flat and resemble that of DFMO (Fig. 2)
especially near the 50% inhibition value. Thus, in the case of
BESm, for example, there is little difference between growth
inhibition at 0.3 and 30 //M. The similarity between the ana
logues and DFMO probably relates to the cytostatic nature of
growth inhibition and is consistent with a singular site of action
(i.e., once SPD depletion is achieved, growth inhibition is not
increased by additional drug).

For unknown reasons, the IC50 values for the various polya
mine analogues were generally lower in calf serum than in Nu
Serum (Table 1). Of significance is the observation that, while
the ICso values of the natural polyamines decreased markedly
in the absence of the diamine oxidase inhibitor, aminoguani
dine, those for the ethylated polyamines remained the same.
Presumably, this occurred because the analogues are inappro
priate substrates for the enzyme so that toxic end products were
not produced.

The analogues were then compared according to their various
effects on polyamine biosynthesis. In order to standardize the
comparison, analogue treatment doses were selected which
approximated the IC5o values and resulted in similar intracel
lular concentrations at 48 h (i.e., 1500-2000 pmol/106 cells).

Accordingly, cells were treated with 1 mM BEP, 100 pM BES,
and 10 MMBESm (Table 2). The kinetics of growth inhibition
under these conditions are shown in Fig. 3. It is apparent that
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alogue doses required to achieve comparable intracellular con
centrations (Table 2).

DISCUSSION

Of the three polyamine analogues, BESm was clearly the
most effective with respect to both antiproliferative activity and
polyamine effects. With an IC50 in the range of 1 /Â¿M,BESm is
substantially more active, on a concentration basis, than any
previously reported polyamine analogue or polyamine enzyme
inhibitor including the potent ornithine decarboxylase inhibi
tor, RR-MAP (26) which has a 10-fold higher IC50value against
LI210 cells (27).

For the antiproliferative activity of BESm to be regarded as
meaningful, however, it is important that it is distinguished in
origin from the nonspecific toxicity of the parent polyamine,
SPM. In the presence of fetal calf serum, all polyamines, and
SPM in particular, display a potent cytotoxicity (Table 1) which
is mediated in part by the toxic products of the serum enzyme,
amino oxidase. The latter reacts extracellularly with polyamines
to produce extremely reactive products such as acrolein (28,
29). However, since BESm lacks primary amino groups, it is
not expected to be a substrate for the enzyme. This expectation
was borne out by the observation that, in the presence of fetal
calf serum, the growth inhibitory activity of BESm was not
altered by aminoguanidine (Table 1), an inhibitor of serum
amine oxidase (20), while that of SPM decreased from 1 to 70
Ã•Â¿M.Similar findings were obtained with both BEP and BES,
which, like BESm, also lack primary amino groups. Thus,
amino alkyl substitution may be an effective means for elimi
nating nonspecific host toxicities otherwise associated with
enzymatic oxidation of polyamines.

Among the analogues, the rank order of effectiveness in
suppressing polyamine biosynthesis correlated with their anti
proliferative activity so that BESm > BES > BEP. The pro
found effects of BESm on polyamine biosynthesis included a
near total elimination of both ornithine and AdoMet decarbox
ylase activities with a resultant depletion of PUT and SPD and
a 70% decrease in SPM. Previous studies with BES indicate
that such decreases in ornithine decarboxylase are due to the
activation of cellular regulatory mechanisms controlling en
zyme protein and activity and that an intracellular amount of
less than 200-300 Â¡IMis sufficient to trigger such regulatory
mechanisms (16, 17). We have observed here, however, that in
addition to this likelihood, BESm also seems capable of directly
inhibiting the enzyme. It should be noted that this inhibition
was observed at concentrations which were based on the un
likely assumptions that the analogue distributes evenly in the
cell and that it bound to a similar extent in the cell. Accordingly,
even the natural polyamine, SPM, was found to significantly
inhibit ornithine decarboxylase at these same high concentra
tions. Nonetheless, the possibility must be considered that in
addition to induction of regulatory controls, BESm might, in
part, suppress ornithine decarboxylase activity by direct enzyme
inhibition. Ultimately, this might be determined by measuring
enzyme protein in treated cells since it declines in proportion
to activity with regulatory controls (17) but not with enzyme
inhibition.

Polyamine biosynthesis has long been recognized to be ex
quisitely sensitive to negative regulation by exogenous polya
mines (11-13, 30), which are capable of effecting a near-total
suppression of ornithine decarboxylase activity (31). While the
precise mechanism(s) responsible for this effect has not yet been
elucidated, it appears from recent reports that both decreased

protein translation (32, 33) and increased degradation of the
enzyme following interaction with an inducible enzyme binding
protein, antizyme (34-38) could be involved. Our recent study
characterizing the regulatory effects of BES on ornithine decar
boxylase (17) and the observed similarity of these effects to
those of SPD are entirely consistent with these possibilities. It
seems likely that the actions of BESm on this enzyme are
similarly mediated.

While BES and BESm may be comparable in their ability to
suppress ornithine decarboxylase, they differ markedly in their
effects on AdoMet decarboxylase. In all likelihood, their effects
on AdoMet activity in cells are probably wholly due to regula
tory mechanisms since even at 3 mM, neither BES nor BESm
directly inhibited enzyme activity. We have recently reported
that, because BES does not induce compensatory increases in
AdoMet decarboxylase activity and a concomitant rise in de-
carboxylated AdoMet, the analogue should offer a major ad
vantage over inhibitors of the enzyme (16). BESm extends this
advantage even further by causing a >80% depletion of AdoMet
decarboxylase activity. Undoubtedly, this contributes signifi
cantly to a more total blockade of the biosynthetic pathway and
perhaps to the 70% decrease in SPM pools that is achieved.
That AdoMet pools do not accumulate with BESm treatment
may indicate that only a small proportion of total cellular
AdoMet pool is utilized for polyamine biosynthesis.

In contrast to ornithine decarboxylase, little is known regard
ing the regulatory mechanisms which govern AdoMet decar
boxylase activity in the cell. In view of the fact that both
decarboxylases are highly inducible and have very short half-
lives (39), they may have shared mechanisms of control. Thus,
decreased translation and/or increased degradation of enzyme
protein may be involved. Significantly, an inducible binding
protein analogous to antizyme has not yet been described for
AdoMet decarboxylase.

The large differences in regulatory effectiveness among the
analogues are not entirely related to cellular uptake since con
ditions were established in which the final intracellular concen
trations were approximately the same for all three. In part their
rank order in regulatory potential is likely to reflect the ability
of the natural polyamines to regulate polyamine biosynthesis
and is consistent with their order of synthesis in the pathway:
BEP, like PUT, influencing ornithine decarboxylase but not
AdoMet decarboxylase; BESm, like SPM, the end product of
the pathway, influencing both enzymes and BES, intermediate
in its effects.

The relative ability of the three analogues to inhibit cell
growth is also related to their effectiveness in penetrating cells.
As with enzyme regulatory potential, the rank order for cellular
uptake, as determined by uptake competition with [3H]SPD, is

once again BESm (KÂ¡,10 MM)followed by BES (tfÂ¡,21 Â¿IM)
followed by BEP (KÂ¡,165 /Â¿M).This ranking is confirmed by
data in Table 2 which show that major dose differences are
required to achieve comparable intracellular analogue concen
trations.

Finally, it would appear from the correlation of polyamine
effects with antiproliferative activity among the three analogues,
that the two are causally related. Unlike with polyamine inhib
itors such as DFMO, it is not possible to establish such a
relationship by prevention or reversal studies using exogenous
polyamines. In the case of prevention studies, polyamines could
compete with the analogue for uptake and in reversal studies,
they could enhance efflux of the analogue out of the cell. The
close similarities in drug effects between BES and DFMO (16)
suggest that BES inhibits cell growth by depleting polyamines.
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While the same may also be true for BESm, the possibility must
be considered that growth inhibition could be due to analogue
interference at a critical polyamine binding site.
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