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ABSTRACT

Computer graphics modeling and physicochemical studies of spermine-

DNA interactions, as well as experiments in cell culture, indicate that a
polyamine analogue with strong affinity for nucleic acids but poor ability
to condense and aggregate DNA in vitro should act as an antiproliferative
agent if it can enter cells. On the basis of our studies of polyamine-DNA
interactions, we designed a pentamine, l,19-bis(ethylamino)-5,10,15-triaz-
anonadecane (BE-4-4-4-4), that had these characteristics. Measurement of

melting temperature and ultraviolet light scattering studies show that the
affinity of this analogue for calf-thymus DNA is about 4 times higher than

that of speratine, whereas its ability to aggregate DNA is slightly poorer
than that of spermine.

Studies in U-87 MG, U-251 MG, SF-126, SF-188, SF-763, SF-767, and

DAOY human brain tumor cells in tissue culture showed that treatment
for more than 96 h with concentrations of 5 /Â¿MBE-4-4-4-4 or greater

inhibited growth; decreased levels of putrescine, spermidine, and sper
mine; and decreased colony-forming ability in all cell lines. The cytotox-
icity of the analogue varied among cell lines; DAOY and SF-767 were the
most sensitive and the most resistant lines, respectively. In SF-763 cells,
growth inhibition by BE-4-4-4-4 could be partially reversed by the addi
tion of putrescine, spermidine, or spermine 1 day after BE-4-4-4-4 addi
tion, but in U-251 MG cells, growth inhibition was reversed only by

spermine and not by other polyamines. When any of the naturally occur
ring polyamines was added simultaneously with BE-4-4-4-4, growth inhi
bition was completely blocked. The data suggest that a threshold intra-
cellular concentration of BE-4-4-4-4 is needed to manifest the growth-

inhibitory and cytotoxic effects. In most cell lines, once that threshold level
is reached, the growth-inhibitory and cytotoxic properties of the analogue

are manifest irrespective of cellular polyamine levels. Further increases in
the BE-4-4-4-4 concentration or incubation time reduce the intracellular

polyamine levels but do not significantly increase growth inhibition. In
U-87 MG and DAOY cells, however, prolonged incubation with higher
concentrations of BE-4-4-4-4 causes additional growth inhibition along

with depletion of intracellular polyamines. Thus, it appears that
polyamine analogues having higher affinity for DNA than natural
polyamines can inhibit cell growth even in the presence of natural
polyamines, if they are taken up by cells to a sufficient degree to compete
with and displace natural polyamines from their binding sites on DNA.

INTRODUCTION

The polyamines putrescine, spermidine, and spermine are biologi
cal cations important in cell growth and differentiation and are present
in all mammalian cells (1,2). During the past 2 decades, inhibitors of
enzymes involved in the biosynthesis of polyamines have been used as
therapeutic agents and as tools to study the basic biological functions
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of polyamines. These inhibitors, particularly DFMO,3 have shown

promise in cancer chemotherapy and in the treatment of certain par
asitic diseases (3). In most cell lines, DFMO depletes only putrescine
and spermidine and acts as a cytostatic rather than a cytotoxic agent
(3). Recently, several polyamine analogues that deplete all 3 cellular
polyamines have been developed (2. 4). Many of these analogues,
however, are ineffective as growth inhibitors, possibly because they
bind to intracellular polyamine binding sites and mimic the biological
functions of the naturally occurring polyamines (5, 6).

Negatively charged nucleic acids are probable intracellular binding
sites for polyamines. In vitro studies show that spermidine and sper
mine bind to and aggregate DNA and induce B-Z and B-A transitions
in specific polynucleotides (4). Hydrogen-deuterium exchange kinet

ics, electric birefringence, and fluorescence polarization studies pro
vide indirect evidence that spermine bends specific DNA sequences
before DNA condensation (7â€”9).This bending and subsequent con

densation of DNA may be biologically important in chromatin con
densation. Physicochemical studies using isolated nuclei or chromatin
show that the addition of spermine increases the extent of DNA
condensation in chromatin (10, 11). Moreover, the increased sensitiv
ity of nuclei isolated from polyamine-depleted cells to MNase and

DNase I digestion (12, 13) indicates modified chromatin structure.
These data, combined with the effects of polyamine analogues on
tumor cell growth in tissue culture, led us to postulate that, if taken up,
polyamine analogues with high affinities for DNA but poor ability to
bend and aggregate DNA in vitro should have antiproliferative prop
erties (4, 6).

Computer modeling has shown that 2 secondary amino protons of
spermine may form hydrogen bonds with specific DNA bases (14, 15).
These bonds could play vital roles in the bending and condensation of
DNA. Changes in the lengths of the hydrocarbon chains of spermine
might therefore interfere with these bonds and impair the ability of
spermine to bend and condense DNA. Although other naturally oc
curring polyamines have a lower affinity for DNA than spermine,
analogues could have higher affinities and might displace polyamines
from their binding sites on DNA. These analogues, however, might
not perform biological functions of polyamines, such as chromatin
condensation. This hypothesis has been supported by the observation
that the spermine analogue BE-4-4-4 (for structure of analogues, see

Fig. 1) has an affinity for DNA 3 times as high as that of spermine, is
much less effective than spermine at condensing and aggregating
DNA (16), and is growth-inhibitory and cytotoxic to a variety of

tumor cells in culture (17, 18). Several pentamines also have a much
higher affinity than spermine for DNA but are poorer than spermine at
aggregating it (19). Encouraged by the growth-inhibitory and cyto
toxic properties of BE-4-4-4, we designed l,19-bis(ethylamino)-
5,10,15-triazanonadecane (BE-4-4-4-4) (Fig. 1), a pentamine one n-

3 The abbreviations used arc: DFMO, or-difluoromethylornithinc; BE-4-4-4. bis(ethyl)-
homospermine; BE-4-4-4-4. 1,19-bis(ethy lamino )-5.10,15-triazanonadecane.
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BE-4-4-4-4 ON CELL GROWTH

+NH3 - (CH2>3 - +NH2 - <CH2>4 - NH2+ -

SPERMINE (3-4-3)

- NH3+

Fig. 1. Chemical structures of spermine, BE-4-
4-4, and BE-4-4-4-4.
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butylamine group longer than BE-4-4-4, and tested its ability to inhibit

growth and kill cells in several different human brain tumor cell lines.
We found that BE-4-4-4-4 has a higher affinity than either spermine

or BE-4-4-4 for DNA and is slightly poorer than spermine but more
effective than BE-4-4-4 at aggregating DNA. It is taken up by 7

human brain tumor cell lines, depletes all 3 Â¡ntracellularpolyamines
significantly, inhibits growth, and is cytotoxic in each of the lines
tested, including those relatively resistant to BE-4-4-4.

MATERIALS AND METHODS

Materials. A stock solution of calf-thymus DNA (Sigma Chemical Co., St.

Louis, MO) was prepared and dialyzed, and its concentration was determined
as described elsewhere (18). Putrescine (Sigma), spermidine, and spermine
(Calbiochem, San Diego, CA) were purchased from commercial suppliers and
used without further purification.

BE-4-4-4-4 was synthesized, purified, and characterized as follows: An
intermediate, W^V^W-tribenzyl-S-aza-l^-diaminononane, was prepared
from benzylamine and W-(4-bromobutyI)phthalimide (20). The intermediate

(14.8 mmol) was dissolved in 60 ml of acetonitrile and refluxed in the presence
of W-p-toluenesulfonyl-A'-ethyM-bromobutylamine (35.5 mmol) and potas

sium fluoride-impregnated celile (15.3 g) for 16 h. The reaction mixture was

filtered and the filtrate was evaporated to dryness. The residue was then

dissolved in benzene, loaded on a silica gel column (300 g), and eluted with a
benzene-acetone mixture [5:1 (%)]. The purified yV'^V''-bis-/7-toluenesulfonyl-
N5^rlo^Vrl5-tribenzyl-]V1r/Vl>)-diamino-5,10,15-triazanonadecane was depro-

tected by hydrolysis in 6 M HC1 at 120Â°Cfor 5 days, followed by reductive

elimination of the benzyl groups with 10% palladium/carbon in a hydrogen
atmosphere. The BE-4-4-4-4 thus obtained was crystallized as a pentahydro-

chloride salt (yield 45% based on the intermediate) from aqueous ethanol, and
the purity of the compound was checked by element analysis and proton
nuclear magnetic resonance spectra.

All other chemicals were reagent grade, and deionized double-distilled

water was used as the solvent.
Physicochemical Studies. The aggregation and melting temperature of

calf-thymus DNA were studied spectroscopically in 50 IHMNaCl, l ITIMNa-
cacodylate (pH 7) using a Perkin-Elmer A4c UV/visible spectrophotometer

equipped with a multiceli transporter, an electrical heating system, and an
IBM-AT-compatible personal computer using Softways (Moreno Valley, CA)

data collection software (16). The association parameters for the DNA-pen-

tamine system were determined from a plot of melting temperature versus
concentration of BE-4-4-4-4 (19).

Cell Culture. U-87 MG, U-251 MG, SF-126, SF-188, SF-763, SF-767, and

DAOY human brain tumor cells were grown in monolayer culture (21). Ap
proximately 1 x IO5 cells were seeded in 5 ml of minimal essential medium,

supplemented with nonessential amino acids and 10% fetal calf serum, in
multiple 25-cm2 plastic flasks. Cells were incubated for 24 h and then treated
with 5, 10, or 50 (J.MBE-4-4-4-4. This point is defined as "Day 1" of treatment.
A stock solution of BE-4-4-4-4 was prepared in Hanks' balanced salt solution

(pH adjusted to 7.2) and was sterile-filtered immediately before use (6). The

cells were harvested in triplicate on the third, fifth, and seventh days of
treatment and counted using an electronic particle counter.

Polyamine Measurement. Approximately 5-10 x IO5cells were collected

from each sample and were washed twice with isotonic phosphate buffer (pH
7.4). Cells were sonicated in 250 Â¡uof 8% sulfosalicylic acid and centrifuged.
Then, 50-100 fil of the supernatant were dansylated and analyzed for

polyamine content using high performance liquid chromatography (22).
Cytotoxicity Studies. Cell survival was determined with a colony-forming

efficiency assay on the seventh day after drug treatment (23). Feeder numbers
and optimal growth conditions for different cell lines were standardized sep
arately.

Reversal and Blocking Studies. For reversal studies, 1 mMputrescine or
20 JIMspermidine or spermine was added to the medium 24 h after the addition
of BE-4-4-4-4 to U-251 MG and SF-763 cells. These concentrations of
polyamines are sufficient to completely reverse the growth-inhibitory effect of
DFMO on 9L rat brain tumor cells (6) and U-87 MG human brain tumor cells
(11). For blocking studies, the polyamines were added along with BE-4-4-4-4

(16). Before spermidine or spermine addition, 1 mM aminoguanidine was
added to inhibit serum amine oxidases.

RESULTS

BE-4-4-4-4 had a relatively higher affinity for DNA than either
spermine or BE-4-4-4 and was slightly less efficient than spermine but
more efficient than BE-4-4-4 at aggregating DNA (Table 1).

BE-4-4-4-4 inhibited growth in each of the 7 cell lines tested (Fig.

2). The inhibition was most pronounced in DAOY and least pro
nounced in SF-188. By the seventh day of treatment, no DAOY cells
were attached to the drug-treated flasks (Fig. 2G). The dose response
for growth inhibition plateaued at 5 JAMin SF-188, SF-763, and
SF-767 cells. In U-87 MG and DAOY cells, growth inhibition in

creased throughout the dose range, although the response was less
extreme in U-87 MG cells than in DAOY cells. In U-251 MG and
SF-126 cells, the inhibitory effect increased to a small degree after 7
days of treatment with 50 JU.MBE-4-4-4-4.

Reversal and Blocking Studies. Polyamines added to SF-763
cells 24 h after BE-4-4-4-4 partially reversed growth inhibition on the
seventh day of treatment (Fig. 3>A). In U-251 MG cells, the inhibitory

effect was completely reversed on Day 7 by spermine, but not by
putrescine or spermidine (Fig. 30). The growth-inhibitory effect of
BE-4-4-4-4 was less pronounced on U-251 MG cells than on SF-763

cells. Simultaneous addition of naturally occurring polyamines

Table 1 Aggregation of calf-thymus DNA by spermine and its analogues, and their
association parameters with DNA in 50 mÂ»NaCl, l mM Na-cacodylate <pH 7.0)"

PolyamineSpermine

BE-4-4-4
BE-4-4-4-4Khb

X 104(M-')5.70

15.77
20.00Concentration

at the
onset of aggregation

(mM)0.015

0.390
0.020

' Data for spermine and BE-4-4-4 are from Basu et al. (i6).
""KI,, association constant with double-stranded helical DNA.
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Fig. 2. Effects of 0 (â€¢),5 (O). IO (A), and 50 JIM (O) BE-4-4-4-4 on the growth of
U-87 MG (A). U-251 MG (B). SF-126 (C), SF-188 (D), SF-763 (Â£).SF-767 (F), and

DAOY (G) human brain tumor cells. Values are an average of the results of 3 separate
experiments. Error bars, where not visible, are smaller than symbol size. In G. too few
cells were attached to the flask on day 7 for an accurate count.

blocked the growth inhibition by BE-4-4-4-4 in U-251 MG cells

(Fig. 4A). Simultaneous addition of polyamines completely or almost
completely blocked growth-inhibitory effects in SF-763 cells as well

(Fig. AB).
Cytotoxicity. Although the cytotoxicity of BE-4-4-4-4 differed

among the cell lines, 5 (AMBE-4-4-4-4 killed more than 90% of cells
by the seventh day of treatment in all lines (Fig. 5). In SF-767 and
SF-188 cells, the dose response of survival plateaued at 10 JAM.For the

other cell lines, the surviving fraction continued to decrease even
when 50 /J.MBE-4-4-4-4 was used. No DAOY cells were attached to

the flasks by the seventh day of treatment, and the floating cells failed
to attach to the surface and form viable colonies when harvested and
replated with fresh medium. Floating cells from SF-126 and SF-763
cultures treated with 50 /XMBE-4-4-4-4 for 6 days also failed to form

viable colonies when reseeded in fresh medium.
Polyamine Levels. BE-4-4-4-4 uptake after 6 days of treatment

varied among the cell lines from 3 to 35 nM/106 cells. The represen

tative polyamine profiles for U-251 MG cells are shown in Fig. 6, and

the data for other cell lines are summarized in Table 2. In all cell lines,

treatment with 5 ftM or more BE-4-4-4-4 depleted intracellular pu-

trescine and spermidine to nondetectable or barely detectable levels
after 4 days of treatment. Spermine levels were depleted to less than
40% of control after 6 days of treatment.

In SF-763 cells, intracellular levels of BE-4-4-4-4 were lower after
treatment with BE-4-4-4-4 followed by polyamines than after treat
ment with BE-4-4-4-4 alone (Fig. 7A). In U-251 MG cells, the BE-
4-4-4-4 level was also reduced by the addition of spermidine or
spermine, but to a lesser extent. In U-251 MG cells treated with
putrescine or spermidine, the BE-4-4-4-4 level was significantly re
duced only on the seventh day of treatment, but in spermine-treated

cells, it was less than 50% of the control level by Day 5. In most cases
after BE-4-4-4-4 treatment, addition of putrescine increased pu

trescine, spermidine, and spermine; addition of spermidine increased
spermidine and spermine; and addition of spermine increased only
spermine. These responses only partly correlate with polyamine-in-

duced reversal of growth inhibition in some cell lines (Fig. 3).
The levels of BE-4-4-4-4 were lower in both cell lines treated

simultaneously with BE-4-4-4-4 and polyamines (Fig. 8) than in cells
treated either with BE-4-4-4-4 alone (Table 2) or with polyamines 1
day after BE-4-4-4-4 (Fig. 7). Polyamine levels in these cells changed

similarly to those in reversal studies.

DISCUSSION

In most cell lines, growth inhibition by BE-4-4-4-4 had some cor
relation with drug uptake and a weak correlation with the analogue's

ability to deplete cellular polyamines. For example, despite the much
faster depletion of polyamines in SF-767 cells than in U-87 MG cells

357
DAYS OF TREATMENT

3579

DAYS OF TREATMENT

Fig. 3. Reversal of growth inhibitory effects of IO JÃŒMBE-4-4-4-4 by polyamines added
1 day after BE-4-4-4-4 addition. Control (â€¢),BE-4-4-4-4 (A). BE-4-4-4-4 -I- I mM
putrescine (A), BE-4-4-4-4 + 20 /J.Mspermidine (D). BE-4-4-4-4 + 20 UMspermine (O).
Values are an average of the results of 3 separate experiments. Error bars are smaller than
symbol size.
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Table 2 Effects of polyamine analogues on inlracellular polyaminc levels of 6 human
brain tumor cell lines

Values are an average of the results from 2 separate experiments.
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Fig. 4. Blocking of growth inhibitory effects of 10 JIM BE-4-4-4-4 by polyamines
added simultaneously with BE-4-4-4-4. Control (â€¢),BE-4-4-4-4 (A), BE-4-4-4-4 + 1 mM
putrescine (A), BE-4-4-4-4 + 20 Â¿AMspermidine (Q), BE-4-4-4-4 + 20 ^.Mspermine (O).

Values are an average of the results of 3 separate experiments. Error bars are smaller than
symbol size.

0.0001

BE4444 (/Â¿M)
Fig. 5. Effects of varying concentrations of BE-4-4-4-4 on the survival of U-87 MG

(â€¢),U-251 MG (O), SF-126 (A), SF-188 (O), SF-763 (D), and SF-767 cells (â€¢)on the
seventh day of treatment as determined from the colony forming efficiency assay. Values
are an average of the results of 6 separate experiments. Error bars, where not seen, are
smaller than symbol size.

(Table 2), growth inhibition was more pronounced in U-87 MG cells
(Fig. 2). Furthermore, the intracellular BE-4-4-4-4 level was much
higher in U-87 MG than in SF-763 (Table 2), and reversal of growth
inhibition by polyamines also corresponded to differences in intra-

Concentration
of BE-4 -1 <\ '

Cell lines(/J.M)U-87

MGSF-126SF-188SF-763SF-767DAOY0(1II5551011)1050SO500(1(I5551011110505050000555101010505050000555101111050505000055510101050505000II5551010HI50SO50t

Day of
treatment135735735735713573573573571357357357357135735735735713573573573571357357357357Polyamine

levels (nmol/106cells)PuÂ°0.680.230.09NDNDNDNDNDNDNDNDNDND2.160.430.460.21NDNDNDNDNDNDNDNDND1.141.680.630.06NDNDNDNDNDNDNDNDND4.373.603.403.050.69NDNDND0.44NDNDNDND0.570.660.450.420.87NDNDNDNDNDNDNDND4.183.282.720.86NDND*NDND*NDND*Sd4.193.212.172.470.180.170.120.27ND0.640.300.12ND2.171.211.811.10NDNDNDNDNDNDNDNDND1.582.341.651.10NDND0.27NDNDND0.28NDND3.973.173.102.740.72NDNDND0.37NDNDNDND1.352.181.781.190.25NDNDNDNDND0.09NDND8.958.508.536.710.80ND*0.34ND*0.23ND*Sm4.293.763.683.451.260.570.051.070.70ND1.130.47ND1.510.851.130.770.311.08ND0.240.13ND0.330.10ND1.532.751.701.320.930.370.510.890.380.301.140.450.603.983.352.952.621.00ND0.380.580.37ND0.65NDND0.731.281.361.280.620.200.100.430.180.090.360.210.072.733.083.152.180.71ND*0.64ND*0.52ND*BE

44446.716.3610.115.367.6613.405.896.9018.901.702.893.501.753.033.031.563.412.824.504.746.256.576.759.008.417.799.535.608.802.8013.916.77.4611.913.25.113.413.603.923.752.482.833.084.492.458.3717.5*11.314.6*10.019.6*

" Pu. putrescine; Sd, spermidine; Sm, spermine; ND, not detectable;

attached to the flasks.
, no cells found
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BE-4-4-4-4 ON CELL GROWTH

Fig. 6. Pulyaminc levels of U-251 MG cells
treated with 0 (â€¢),5 (O), 10 (A), and 50 JIM BE-
4-4-4-4 (Â¡). Values are based on an average of 2

determinations.
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cellular BE-4-4-4-4 levels. In SF-763, all 3 polyamines reduced BE-
4-4-4-4 and reversed growth inhibition when added after BE-4-4-4-4
treatment, whereas in U-251 MG, all polyamines reduced BE-4-4-4-4

but only spermine reversed growth inhibition. Finally, simultaneous
treatment with polyamines and BE-4-4-4-4 resulted in BE-4-4-4-4
levels much lower than in cells treated with BE-4-4-4-4 alone, but

polyamine levels were still lower than those in control cells. This
block of growth inhibition therefore appears to be related to preven
tion of an increase in BE-4-4-4-4 levels rather than to polyamine

replenishment. Growth inhibition appears to be more closely related to
BE-4-4-4-4 uptake than to reduced polyamine levels, although in no

case was there growth inhibition without some measure of polyamine
depletion.

In each cell line, BE-4-4-4-4 treatment resulted in uptake of the

compound, polyamine depletion, and inhibition of cell growth. In 5 of
the 7 treated cell lines, cell growth plateaued with little or no cell loss,
whereas in 2 cell lines (U-87 MG and DAOY), cell loss was evident.
Because there were no clear differences in BE-4-4-4-4 uptake or

polyamine depletion between these 2 groups of cell lines, no clear
reason for cell loss is evident.

The polyamine-induced reversal of growth inhibition seen after
BE-4-4-4-4 treatment did not occur after BE-4-4-4 treatment, al

though both the uptake of external polyamines and the reduction of
intraccllular analogue levels were comparable with the 2 analogues
(16). The reversal seen with BE-4-4-4-4, therefore, indicates that a
higher level of BE-4-4-4-4 than of BE-4-4-4 may be required to

inhibit growth. The addition of polyamines would then lower the level
of BE-4-4-4-4 but not that of BE-4-4-4 below their respective thresh

olds. These results suggest that increases in intracellular analogue
concentrations are more important for growth inhibition than the
depletion of polyamines.

In both U-251 MG and SF-763, simultaneous addition of
polyamines and BE-4-4-4-4 resulted in lower BE-4-4-4-4 levels (Fig.
8) than did addition of polyamines 1 day after BE-4-4-4-4 (Fig. 7).
This difference corresponds with similar findings with BE-4-4-4 (18),

suggesting that BE-4-4-4 and BE-4-4-4-4 are taken up by cells

through the same transport mechanism used by polyamines.
The appearance of spermidine and spermine in putrescine-treated

cells and the appearance of spermine in spermidine-treated cells (Fig.
7) indicate that BE-4-4-4-4 does not appreciably affect the activities of

spermidine and spermine synthase in these cell lines. The effects of
BE-4-4-4-4 on enzymes responsible for the breakdown of polyamines
remain uncertain: spermidine was detected in spermine-treated cells,

but putrescine was not found in most of the cells treated with either
spermine or spermidine for more than 3 days.

In SF-767 and SF-188, the cytotoxicity of BE-4-4-4-4 plateaued at
10 /UM(Fig. 5). Increases in BE-4-4-4-4 concentrations increased the
intracellular BE-4-4-4-4 level only slightly in SF-188 and had almost
no effect in SF-767 (Table 2). In the other cell lines, cytotoxicity

continued to increase between 10 and 50 JAM(Fig. 5), and in all but
SF-126, increases in the concentration of added BE-4-4-4-4 continued

to increase intracellular levels of the drug. Therefore, in most of these
cell lines, the intracellular BE-4-4-4-4 level may be responsible for the
degree of cytotoxicity as well as growth inhibition. In SF-126, how

ever, cytotoxicity increased with no detectable increase in the intra
cellular BE-4-4-4-4 concentration. Depletion of intracellular poly

amines may account for the additional toxicity in this cell line.
Because of the large amount of cell kill in DAOY cells, no correlation
was possible between cytotoxicity and intracellular levels of
polyamines or analogues. It should also be noted that by day 7 of
treatment, 10 and 50 JIMBE-4-4-4-4 had killed about 2 logs of SF-188
cells. This cell line is relatively resistant to BE-4-4-4 and other cyto-
toxic agents such as l,3-bis(2-chloroethyl)-l-nitrosourea (18).

BE-4-4-4-4 was designed based on our hypothesis that a polyamine

analogue with a higher affinity for DNA than natural polyamines but
a poorer ability to aggregate it should physically but not functionally
replace the polyamines at their intracellular binding sites and inhibit
growth, if it can enter cells (6). Although BE-4-4-4-4 has a much
higher affinity for DNA than either spermine or BE-4-4-4, it aggre-
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BE-4-4-4-4 ON CELL GROWTH

Fig. 7. Polyamine levels of (A) SF-763 and (B)
U-251 MG cells treated with 10 fiM BE-4-4-4-4 and
polyamines. Control (â€¢),BE-4-4-4-4 (A), BE-4-4-
4-4 + 1 mM putrescine (A), BE-4-4-4-4 + 20 /Â¿M
spermidine (d), BE-4-4-4-4 + 20 ^IM spermine

(O). Values are based on an average of 2 determi
nations. Polyamines were added 24 h after BE-4-
4-4-4 addition.

gates it only slightly less effectively than does spermine (Table 1).
Therefore, the growth-inhibitory and cytotoxic properties of BE-4-4-
4-4 led us to reconsider our hypothesis. It appears that polyamine

analogues with hydrocarbon chain lengths different from those of
natural polyamines can inhibit growth if they are taken up by cells and
have an affinity for DNA high enough to displace bound polyamines
from DNA. An analogue having a very high affinity for DNA may

inhibit growth even if it is a better aggregator of DNA than other
cytotoxic polyamine analogues. Experiments with several other sper
mine analogues with long hydrocarbon chains appear to corroborate
this hypothesis (4, 16, 24, 25). Although computer modeling predicts
that the interaction of an analogue with DNA is dependent on chain
length (4, 13, 14), the effect of these differences on the biological
function of the analogue is unknown.
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BE-4-4-4-4 ON CELI. GROWTH

Fig. 8. Polyamine levels of (A ) SF-763 and (B)
U-251 MG cells treated with K) Â»IMBE-4-4-4-4 and
polyamincs. Control (â€¢),BE-4-4-4-4 (A), BE-4-4-
4-4 + 1 mm putrescine (A), BE-4-4-4-4 + 20 fiM
spermidine (D), BE-4-4-4-4 + 20 Â¿AMspermine

(O). Values are based on an average of 2 determi
nations. Polyamines were added simultaneously
with BE-4-4-4-4.

The depletion of intracellular polyamines by these analogues may
enhance their growth-inhibitory or cytotoxic effects, or both, but it

does not appear to be essential for manifestation of these effects.
Using ornithine decarboxylase[-] CHO cells transfected with mouse

or trypanosome ornithine decarboxylase, we have shown that
polyamine analogues with greater affinity for DNA than that of sper
mine can inhibit cell growth even in the presence of intracellular

polyamines (26). Analogues with less affinity for DNA than that of
spermine, however, appear to inhibit growth only after polyamine
depletion.

In summary, BE-4-4-4-4 is a member of a new class of growth

inhibitors, the polyamine analogues. These compounds enter cells
through the polyamine uptake system present in many cells and reg
ulate the intracellular levels of natural polyamines. They also appear
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BE-4-4-4-4 ON CELL GROWTH

to replace intracellular polyamines physically but not functionally at
their binding sites. Replacement of natural polyamines with nonfunc
tional analogues causes growth inhibition, which has potentially far-

reaching therapeutic significance. As antineoplastic agents, the
polyamine analogues appear to be as effective as or more effective
than other well-established inhibitors of polyamine synthesis, such as
DFMO. Some of these analogues, such as BE-4-4-4 and BE-4-4-4-4,

not only effectively inhibit polyamine biosynthesis but also inhibit cell
growth, even in the presence of significant levels of intracellular
polyamines. The therapeutic usefulness of these properties can be
determined only through careful preclinical and clinical trials.
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