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ABSTRACT

Estrogenic regulation of gene expression involves interaction of the
hormonewith its receptors, which undergostructuraland conformational
changes to interact with specific DNA sequences. Putrescine, spermidine,
and spermine, are ubiquitous cellular components. We studied the effects
of these polyamines on rabbit uterine estrogen receptors by sucrose
gradient centrifugation and ligand dissociation kinetics. The native 7S
receptor converted to a 9S-10S form in the presence of 100 Â¿IMspermi
dine or spermine. Higher concentrations caused precipitation of the
receptor. This precipitation was reduced by RNase treatment of the
receptor. RNase-treated receptors sedimented at 4S and 7S regions of
sucrose gradient. The dissociation rate constant (k) of the 4S receptor is
2.8 x 10 ' min ' in the presence of 1 mM spermidine, compared to a
control value of 7.7 x IO"3min"'. Similar effects were observed with

putrescine and spermine. The dissociation of the RNase-treated 7S
receptor was biphasic, with about 50% of the receptors dissociating at a
faster rate (A, = 40 x 10~3 min'1) than the other half (k2 = 7.4 x IO'3
min"'). Spermidine (1 HIM)caused a 2-fold reduction in Â¿2,whereas k,

was not affected. This study shows that polyamines affect the structural
organization and ligand dissociation kinetics of estrogen-receptor com
plexes.

INTRODUCTION

The naturally occurring polyamines, putrescine
[H2N(CH2)4NH2], spermidine [H2N(CH2)3NH(CH2)4NH2], and
spermine [H2N(CH2)3NH(CH2)4NH(CH2)3NH2] are organic
cations present in all living cells (1-4). In mammalian cells,
spermidine and spermine are present in millimolar concentra
tions (2). Their levels are elevated in rapidly proliferating cells
such as regenerating liver, embryonic tissue, and tumor cells (3,
4). Polyamines are known to stimulate DNA and RNA polym-
erases, methylases, and nucleotidyl transferases and to affect
reactions involving tRNA, rRNA, and mRNA (4). Cellular
polyamine levels are intimately related to the concentration of
ODC,3 a rate-limiting enzyme in their biosynthesis (3, 5). In

estrogen target tissues, such as the chick oviduct and rat uterus,
estrogens are reported to induce ODC and thus stimulate
polyamine synthesis (6-8).

Estrogens and other hormones are known to exert diverse
effects on their target cells and to modulate normal and neo-
plastic growth (9, 10). Estrogens are also necessary for the
growth of a subset of mammary tumors so that their depletion
by ovariectomy causes the regression of these tumors (11). Even
though the precise details of the mechanism of action of estro
gens and other steroid hormones are not yet fully understood,
it is known that these hormones interact with a group of highly
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specific proteins, which are their receptors, and trigger a series
of dynamic processes in the cell that result in the binding of the
receptors to specific DNA sequences, the synthesis of specific
proteins, and the growth and differentiation of the target cell
(12-14). Earlier models suggested that cytoplasmic receptors
translocate to the nuclei after their interaction with hormones
(15). However, recent immunological and biochemical studies
have detected the presence of ligand-free receptors in the nuclei
(16, 17).

The native, unactivated receptors are negatively charged and
transform to a less acidic form during activation, the process
by which they acquire DNA binding capacity (18, 19). Cellular
polyamines, due to their oligocationic nature at physiological
conditions, may interact with negatively charged receptors by
electrostatic and hydrophobic forces. Similar interactions are
known to provoke profound changes in the structural organi
zation of nucleic acids, including the condensation and aggre
gation of DNA and RNA (20, 21), as well as the right-handed
B-DNA to the left-handed Z-DNA transition of alternating
purine-pyrimidine sequences (22). To our knowledge, the effects
of polyamines on the structure of estrogen receptors have not
been studied, presumably due to the labile nature of the native
receptors as well as the aggregating tendency of the polyamines.

Recent studies from several laboratories suggest that native
forms of estrogen and other steroid receptors are associated
with RNA (23-27). Hence, we treated the native 7S form of
estrogen receptors with RNase to study the effects of polya
mines on receptors free of RNA that is susceptible to RNase
digestion. We studied the effects of putrescine, spermidine, and
spermine on the structural changes and stability of native and
RNase-treated estrogen-receptor complexes. Since the estrogen
receptors are transformed to the functional form only after their
interaction with estrogens, the half-life and ligand dissociation
rate of the estrogen-receptor complexes are important param
eters governing the functional significance of the receptors (28).
The effects of polyamines were studied on the ligand dissocia
tion rates of the receptors pretreated with RNase. Our results
show that polyamines affect the structure and stability of estro
gen-receptor complexes.

MATERIALS AND METHODS

Chemicals. [3H]E2 (95 Ci/mmol), and l4C-labeled BSA and human
â€¢y-globulinwere purchased from New England Nuclear (Boston, MA).
Putrescine â€¢2HC1, spermidine â€¢3HC1, and spermine â€¢4HC1 were ob
tained from Sigma Chemical Co. (St. Louis, MO). Diethylstilbestrol
and bovine liver catalase were also from Sigma. RNase A from bovine
pancreas was obtained from Worthington Biochemieais (Freehold, NJ).
The enzymatic activity of RNase was 5400 units/mg protein.

Preparation of Cytosolic Estrogen Receptor. Immature rabbits (5-6
Ibs, New Zealand White) were purchased from Birchwood Farms,
Hudson, WI. The uteri were removed and dissected free from surround
ing mesentery (23, 24). The tissue was minced and homogenized at 4Â°C

in 10 volumes of a buffer containing 10 mM Tris-HCl, pH 7.4, 1 mM
EDTA (Tris-EDTA buffer) using a Polytron PT-10 homogenizer
(Brinkmann Instruments, Westbury, NY). The tissue homogenate was
centrifuged at 105,000 x g for 45 min to obtain cytosol. The major
portion of the cytosol was incubated with 2 nM [3H]E2 for 2 h at 4Â°C
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and purified by sucrose gradient centrifugation. The receptor content
of the cytosol was determined by DCC assay. For this assay, aliquots
of cytosol were incubated with 2 nM [3H]E2 for 2 h at 4Â°Cin the

presence or absence of 400 nM diethylstilbestrol to determine nonspe
cific binding and total binding, respectively. The cytosol containing the
hormones were then treated with an equal volume of DCC suspension
(final concentration 0.25% dextran, 0.025% charcoal) for 10 min at
4Â°C.The reaction mixture was centrifugÃ©e!at 800 x g and the radio
activity of the supernatant was determined using Aquasol-2 scintillation
fluid in a Beckman LS2800 scintillation counter. Specific binding of
[3H]E2to the receptor was calculated by subtracting nonspecific binding

from total binding. Protein concentration of the cytosol was about 3
mg/ml as determined by the Lowry assay (29).

Purification of Estrogen Receptor. The cytosolic estrogen receptors
were partially purified by preparative sucrose gradient centrifugation.
Cytosol, incubated with 2 nM [3H]E2,was treated with a pellet of DCC
(0.25% dextran and 0.025% charcoal) for 10 min at 4Â°C.The mixture

was then centrifuged at 800 x g and the supernatant was removed using
a pipette. About 5 ml of the DCC-treated cytosol was layered on top of
10-30% linear sucrose gradients, which were prepared in 40-ml
polyallomer tubes using a Buchler automatic gradient former. The
gradients were centrifuged at 135,000 x g in a SW 27 rotor for 36 h at
4*C. Subsequently, 0.5 ml fractions were collected from the bottom of
the gradient by gravity flow, and the radioactivity of 50-fil aliquots of
each fraction was determined to locate the receptor peak. The peak
fractions were pooled and the receptor content was determined by DCC
assay. This procedure allowed about 4-fold purification of the cytosolic
receptor. A typical specific binding of estradici in the cytosol was 271
fmol/mg protein that increased to 1056 fmol/mg protein after the
purification step. RNase-treated 4S and 7S receptors were prepared by
the same procedure except that cytosol incubated with [3H]E2 was
treated with 100 fig/ml RNase at 4Â°Cfor l h (23) prior to sucrose

gradient purification. The separation of 4S and 7S receptor peaks in
the preparative sucrose gradient was similar to that shown for analytical
gradient centrifugation in the "Results" section. The receptor solution
collected from the sucrose gradients was incubated with 2 nM [3H]E2
for 24 h at 4*C to compensate for the loss of the ligand during

ultracentrifugation. A portion of the partially purified receptor was
incubated with 2 nM [3H]E2 and 400 nM diethylstilbestrol for the

determination of nonspecific binding during analytical sucrose gradient
centrifugation or dissociation rate measurements. These relabeled re
ceptor solutions containing sucrose were stored frozen as 5-ml aliquots
at -20V. Sedimentation constants and dissociation rates were not

affected during the storage.
Analytical Sucrose Gradient Centrifugation. Partially purified recep

tor preparation or [3H]E2-labeled cytosolic receptor was treated with a

pellet of DCC, as described in the previous section, to remove free
estradici. Polyamine solutions were made up at 1, 10, and 100 DIM
concentrations in Tris-EDTA buffer. Small volumes (1-25 /il) were
added to 250-^1 aliquots of DCC-treated receptor preparation and
incubated at 4Â°Cfor 1 h. This receptor solution was layered on top of

linear sucrose gradients (10-30%) containing Tris-EDTA buffer and
the experimental concentration of the polyamines, prepared in 3.8-ml
polyallomer tubes. The gradients were centrifuged at 256,000 x g for
16 h. Five-drop fractions were collected and their radioactivity was
determined by scintillation counting. Sedimentation constants were
determined using I4<'-labeled BSA and 7-globulin as internal markers.

Bovine liver catalase was used as an external marker in parallel gra
dients.

Determination of Dissociation Rate Constants. The receptor prepara
tions were thawed on ice and incubated with various concentrations of
polyamines for 1 h at 4'C. Since the receptor preparation consists of
[3H]E2in equilibrium with [3H]E2R complexes, addition of an excess of

nonradioactive hormone (1 /Â¿Mdiethylstilbestrol) and shifting the in
cubation to a 28'C waterbath, initiated the dissociation of [3H]E2from

the complexes (28). A series of triplicate aliquots were processed by
DCC assay at different intervals for 3 h to determine the decrease in
bound [3H]E2due to the dissociation reaction. Nonspecific binding was

determined from parallel samples preincubated in the presence of 400
nM diethylstilbestrol. Samples without diethylstilbestrol were used as

controls to detect any temperature-induced decrease in [3H]K2binding

due to the degradation of the receptor complexes.
The specific binding of [3H]E2to receptors was calculated at different

intervals. There was no decrease in [3H]E2binding due to the incubation
of the receptor at 28Â°C.Specific binding at zero time represents 100%
of [3H]E2Rcomplexes. A semilogarithmic plot of percent [3H]E2binding
versus time resulted in a linear relationship. The first-order dissociation
rate constant Acwas determined from the slope of the plot. In some
cases, biphasic dissociation curves were obtained. The percentage of
the fast dissociating component at the beginning of the dissociation
reaction was calculated by extrapolating the percentage of contribution
of the slow dissociating component to zero time and subtracting this
value from 100% (28). To determine the rate constant (*i) of the fast
dissociating component, the extrapolated values of the slow component
was subtracted from the initial part of the experimental dissociation
curve and then replotted semilogarithmically against time. The slope
of the second plot yields k,, while the rate constant /c2is obtained from
the slope of the experimental curve representing the slow component.

Statistical analysis was performed by Student's two-tailed paired t-

test.

RESULTS

Alterations in the Sedimentation Profile of Estrogen Receptors
Induced by Polyamines and RNase. Fig. 1 shows the sucrose
gradient sedimentation profiles of partially purified 7S recep
tors in the presence and absence of different concentrations of
putrescine, spermidine, and spermine. Putrescine has no effect
on the sedimentation pattern up to a concentration of 1 HIM.
Addition of 100 /JMof spermidine causes a shift in the receptor
peak from the 7S to 9S region of the sucrose gradient. Further
increase in the concentration of spermidine shifts the peak to
the IOS region at about 1 HIM. Similarly, addition of 100 UM

4 8 12 16 20 24
Fraction Number

Fig. 1. Effects of polyamines on the sucrose gradient sedimentation profile of
partially purified 7S estrogen receptor. The gradients (10-30% in Tris-EDTA
buffer, pH 7.4) contained: (A) 3 HIMNaCl (control) (O) and 1 HIMputrescine (â€¢);
(B) 100 MM(A) and 1 m M (A) spermidine; (Q 100 MM(D) and 1 m M (â€¢)spermine.
Arrows, positions of the marker proteins BSA (4.SS), -y-globulin (7S), and catalase
(IIS).
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sperminc causes the formation of the IOS receptor form. How
ever, at 1 HIMspermine, complete precipitation of the receptor
occurs and no receptor peak is found in the sucrose gradient.
This receptor precipitate is soluble in Tris-EDTA buffer con
taining 0.15 M NaCl. Analysis of this receptor using sucrose
gradients containing 0.15 M NaCl shows a 4S peak with a
shoulder at 7S. Thus, poh amines are capable of facilitating the
formation of high molecular weight forms of estrogen receptors
depending on the polyamine and NaCl concentrations in the
buffer.

We treated the native 7S form of cytosolic receptor with
RNase to hydrolyze the receptor-associated RNA and to obtain
the 4S form of the receptor for studying the effects of polya-
mines. Fig. 2 shows a typical sucrose gradient centrifugation
profile of RNase-treated estrogen receptor. The majority of the
receptors sediment at the 4S region of the sucrose gradient. A
minor portion remains at the 7S region. In contrast to the
native 7S receptors, the products of RNase-treated receptors
(4S and 7S forms) do not undergo precipitation in the presence
of 1 HIMspermidine or 100 n\i spermine. The RNase-treated
4S form of receptor did, however, show an increase in the
sedimentation constant to IOS in the presence of 1 HIMsper
midine or 100 UMspermine.

Effect of Polyamines on the Ligand Dissociation Kinetics of
RNase-treated 4S Estrogen-Receptor Complex. Fig. 3 shows the
effects of putrescine, spermidine, and spermine on the ligand
dissociation kinetics of the RNase-treated 4S form of estrogen-
receptor complex. The effects of polyamines on the specific rate
constant, k, are presented in Table 1. In these experiments,
NaCl is used as a control to compensate for the ionic effects of
polyamines. The most significant finding from these experi
ments is that a 2-3-fold decrease in k is caused by the presence
of 1 HIMspermidine or 100 MMspermine, compared to controls
using equivalent ionic concentrations of NaCl. The k values at
a constant polyamine concentration of 100 /Â¿Min Tris-EDTA
buffer were: control, 7.7 Â±0.5; putrescine, 7.9 Â±0.4; spermi
dine, 6.3 Â±0.5, and spermine, 4.4 Â±0.3 min"1. At higher

spermine concentrations, precipitation of the receptor occurred
and hence no kinetic measurements were conducted.

In order to assess the stabilizing effects of polyamines on the
4S estrogen-receptor complex at physiologically relevant cation
concentrations, we determined the optimum polyamine concen-

100
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Fig. 2. Effect of RNase on the sucrose gradient sedimentation profile of
cytosolic estrogen receptors. [3H]E2-labeled cytosol was incubated with 100 MS/
ml of RNase for l h at 4V. The cytosol was then treated with dextran-coated
charcoal and analyzed on 10-30% sucrose gradients containing 10 HIMTris-HCl,
pH 7.4, and l IHMEDTA. The gradient profiles are: cytosolic estrogen receptor
with (â€¢)and without (O) RNase treatment, and nonspecific binding in the
presence of a 200-fold excess of diethystilbestrol (O)- Nonspecific binding was
not affected by RNase treatment.

10
30 90 120

Time (minutes)
150 180 210

Fig. 3. Effect of polyamines on the dissociation kinetics of the RNase-treated
4S estrogen receptor. Partially purified 4S form of (' H |K;K was equilibrated with:

3 mM NaCl (O); I min putrescine (A); 1 mMspermidine (â€¢),and 100 MMsper mine
(A) for l h at 4V. Dissociation reaction was initiated by the addition of 1 MM
diethylstilbestrol and the mixture was incubated at 28V. The amount of [3H]E2
bound to the receptor was determined by DCC assay at different intervals. Points,
mean of triplicate determinations.

Table 1 Dissociation rate constants of the RNase-treated 4S estrogen receptors
Partially purified, RNase-treated 4S form of [3H]E2R was incubated with

polyamines at 4V for 1 h. Dissociation reaction was initiated by the addition of
l Â¡Â¿Mdiethylstilbestrol and incubating the reaction mixture at 28V. The amount
of [3H]E2 bound to the receptor was determined by DCC assay at different
intervals. The value of k was calculated from the slope of the ln| â€¢'!I]K2versus time

plot.

AdditivesNaCl
(3 HIM)'

Putrescine (1 niM)
Spermidine (1 IHM)
Spermine (0. 1 HIM)t,tÂ¡

(min)90
Â±10*

126 Â±8
250 Â±15
156 Â±12KPx

A(min-1)7.7

Â±0.9
5.5 Â±0.3
2.8 Â±0.2
4.4 Â±0.4

" Controls with 0-5 min NaCl gave the same value of k.
* Data are the mean of four separate experiments; Â±indicates SD.

1 mM NaCl

i
400 600

10 mM NaCl

100 mM NaCl
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200 400 600
Spermine ( juM)

1000 2000 3000
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Fig. 4. Determination of the optimum spermine concentrations required to
stabilize the 4S form of [3H]E2R at various NaCl concentrations. Partially purified
[3H]E2R complexes were incubated with different concentrations of spermine at

4V. Dissociation reaction was initiated by the addition of 1 JIMdiethylstilbestrol
at 28V. The amount of bound [3H]E2 was determined by DCC assay at 90 min

after initiating the dissociation reaction. The percentage of increase in the amount
of [3H)E2bound to the receptor at different concentrations of spermine, compared

to that of the control, was plotted at the indicated NaCl concentrations. Data are
the mean of three experiments and SD is shown.

trations required to stabilize the 4S receptor complex at various
NaCl concentrations. For evaluating the optimum polyamine
concentrations, the amount of [3H]E2 retained by the receptor
at 90 min (half-time of the control experiment) was determined
in the presence and absence of polyamines. Fig. 4 shows the
percentage of increase in [3H]E2 bound to the receptor above
that in the control experiment as a function of spermine con-
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centration at 1, 10, 100, and 200 HIMNaCl. Significant differ
ences between control and polyamine-treated groups, P < 0.01
have been calculated using Student's paired t tests. As the
spermine concentration is increased, the amount of bound [3H]

1.- increases up to a certain concentration of spermine and then
levels off or decreases. The decrease in [3H]E2 at high concen

trations of spermine has been found to be due to the precipita
tion of the receptor complex. We have similarly determined the
optimum spermidine concentrations at various NaCl concen
trations. The peak polyamine concentrations thus determined
are plotted against NaCl concentrations in Fig. 5. A straight
line is obtained on plotting In[spermine4+] or In[spermidine3+]

versus ln[NaCl]. It is clear that the optimum polyamine concen
tration required for maximum stabilization of estrogen-receptor
complex increases with an increase in NaCl concentration. At
NaCl concentrations comparable to physiologic cation levels
(150-200 IHMK the optimum spermidine concentration that
stabilizes the receptor complex is about 2 HIM,whereas that of
spermine is about 1 HIM.These polyamine levels are comparable
to the intracellular polyamine levels, although considerable
variations in cellular polyamine levels are observed depending
on the rate of cell division and the status of differentiation (30).

Effect of Polyamines on the Sedimentation Profile of Estrogen
Receptor at 150 HIM Nad. We have further examined the
stabilization effect of polyamines on estrogen receptors in the
presence of physiological cation concentration. Fig. 6 shows
the sucrose gradient profile of 4S estrogen receptors in the
presence and absence of polyamines. The gradients were pre
pared in Tris-EDTA buffer containing 150 HIM NaCl. The
amount of receptor recovered from the gradients is considerably

0.5-

0.1

10*l
2

1 |
jo

56
QJam

10 50 100 200
NaCl (mM)

Fig. 5. Logarithmic plot of NaCl concentrations versus the optimum spermi
dine (â€¢)and spermine (O) concentrations required to stabilize [3H]E2R complexes.

Optimum spermine concentrations were determined from Fig. 4. Optimum
spermidine concentrations were determined from experiments similar to that
shown in Fig. 4.

16 24
Fraction Number

Fig. 6. Effect of spermidine and spermine on the sedimentation profile of
estrogen receptors at 150 mM NaCl. Aliquots of partially purified estrogen
receptor preparation were incubated for 60 min at 4'C with 150 mM NaCl (O),

150 mM NaCl + 1 mM spermidine (â€¢),and 150 mM NaCl + 1 mM spermine (A).
The receptors were then treated with dextran-coated charcoal and analyzed by
10-30% sucrose gradients that contained 10 mM Tris-HCl, 1 mM EDTA, and
ISOmMNaCl, pH 7.4.

increased in the presence of 1 mM spermidine or 1 mM spermine
compared to the control. This result shows that the stabilization
effect of polyamines on estrogen receptor is present at physio
logically relevant ionic concentrations.

We have also attempted to determine the effects of polya
mines on the 4S form of estrogen-receptor complexes prepared
by high salt (0.5 M KC1) treatment. The 4S receptor complex
was prepared by centrifugation of [3H]E2-labeled cytosolic 7S

receptors in preparative sucrose gradients containing 0.5 M
KC1. This receptor solution was then extensively dialyzed
against Tris-EDTA buffer and treated with polyamines. Addi
tion of 1 mM spermidine or 100 MMspermine causes precipi
tation of this receptor complex. Hence, we have not pursued to
measure the dissociation rate constant of this receptor in the
presence of polyamines.

Effect of Spermidine on the Ligand Dissociation Kinetics of
RNase-treated 7S Receptor. The dissociation kinetics of the
RNase-treated 7S form of the estrogen-receptor complex was
studied in the presence of spermidine, and the results are
presented in Fig. 7 and Table 2. The dissociation kinetics with
this receptor form is biphasic in the presence and absence of
spermidine, indicating the presence of two components that
differ in their ligand dissociation rates. The rate constant for
the slow dissociating component is reduced to one-half of that
of the control in the presence of 1 mM spermidine. Spermidine
also causes a change in the proportion of fast and slow disso
ciating components. The amount of the slow dissociating form
increases from 50 Â±5 to 70 Â±5% in the presence of spermidine.
Such an increase in the amount of slow dissociating form has

100
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o
CL
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Fig. 7. Effect of 1 mM spermidine on the dissociation kinetics of RNase-
treated 7S receptor. Partially purified, RNase-treated 7S form of [3H]E2R was
incubated with 1 mM spermidine (â€¢)or 3 mM NaCl (O) at 4*C for l h. Dissociation
reaction was initiated by the addition of l Â¡IMdiethylstilbestroi at 28*C. The
amount of |'I I]H, bound to the receptor was determined by DCC assay as a
function of time. Points, mean of triplicate determinations.

Table 2 Ligand dissociation kinetics of RNase-treated 7S estrogen receptor
Partially purified. RNase-treated 7S form of [3HJE2R was incubated with 1

mM spermidine or 3 mM NaCl at 4'C for 1 h. Dissociation reaction was initiated

by the addition of 1 JIMdiethylstilbestroi and incubating the reaction mixture at
28'C. |'H]EÂ¡bound to the receptor was determined by DCC assay and plotted

against time. The rate constant kÂ¡of fast dissociating component was calculated
by subtracting extrapolated values of the slow component from the experimental
values and replotting the data to remove the contribution of the second compo
nent. The value of k, was calculated from the slope of the new plot. The rate
constant, A; of slow dissociating component was calculated from the slope of the
experimental curve representing the slow component. The percentage of slow
dissociating component was determined by extrapolating its slope to zero time.

103xt, Percentage of E2R IO3 x *2 Percentage of E2R
(min"') with *i (min"') ,with *2Additives

NaCl (3 mM) 40 Â±2" 50 Â±5 7.4 Â±0.8

Spermidine (1 HIM) 42 Â±3 30 Â±5 3.3 Â±0.4
50 Â±5
70 Â±5

Â°Mean of three experiments, Â±indicates SD.
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been reported to occur during activation of the receptors (28).
Thus, polyamines appear to interact with the fast-dissociating
unactivated form and facilitate its conversion to the slow dis
sociating, activated form. Further, spermidine reduces the dis
sociation rate constant of the slow dissociating form.

DISCUSSION

The results of this study show that natural polyamines affect
the structure and ligand dissociation rates of estrogen-receptor
complexes. With the native 7S form of the receptor, polyamine-
induced interactions between receptor molecules result in the
formation of aggregates and precipitates. These precipitates
dissolve in high concentrations of NaCl, thereby suggesting that
Na+ disrupts electrostatic bonding between the polyamines and

receptor macromolecules. Since estrogen receptors are nega
tively charged in their native form (31), it is possible that the
first step in the interaction of polyamines with receptors is
electrostatic in nature. The three pK values of spermidine are
10.8, 9.8, and 8.4 whereas the four pK values for spermine are
10.7,10.0. 8.8, and 7.9 at 0.1 M NaCl (32). These values render
them to be present in the completely ionized form at physiolog
ical pH and ionic concentrations. However, the effects of pol
yamines are far greater than that found with an equivalent ionic
concentration of NaCl. The difference between the ionic and
polyamine effects may be contributed by hydrophobic interac
tions of the mÃ©thylÃ¨ne(â€”CH2â€”)bridges of the polyamines
with the receptor and/or by the disposition of the charged
amino and Â¡minogroups at definite intervals in polyamines.
The distance between amino and imino nitrogens in spermidine
and spermine has been calculated to be 4.95 and 6.25 A,
respectively, for the three- and four-methylene regions (20).
These regions are quite flexible and can bend back to establish
the most suitable configuration to interact with the facile bind
ing regions on the receptor. These bindings appear to cross
link receptor molecules, since high concentrations of polya
mines result in precipitation of the receptor.

The stabilization of estrogen-receptor complexes by polya
mines may also be due to alterations in the mode of interaction
of estrogen with its receptor and/or conformational changes in
the protein molecule. Estradici binds to the receptor by a
combination of hydrophobic and hydrophilic forces (33). Estra
dici has two hydroxyl groups which can act as hydrogen bond
donors or acceptors. One aromatic ring and three aliphatic
rings are available for interactions with the hydrophobic regions
of receptors. As indicated above, polyamines are capable of
interacting by hydrophobic and electrostatic forces with the
receptor. Since polyamines facilitate the transition of the fast
and slow dissociating forms to a new species with a lower
dissociation rate, alterations in receptor conformation may be
involved. A similar transition of fast-dissociating component to
a slow-dissociating form is observed during the activation of
steroid receptors (19). Spermidine has also been reported to
induce a conformational change in the nuclear protein kinase
Nil (34).

The interionic dependence of polyamines and NaCl to effect
maximum stabilization of the receptor complex is compatible
with the results on the interactions of polyamines with poly-
nucleotides. Straight-line logarithmic dependence has been ob
served by plotting the concentrations of spermidine and sperm
ine to induce the condensation and aggregation (35) of DNA
as well as the B to Z transitions of poly(dG-msdC)-poly(dG-
m5dC) (22) and poly(dA-dC)-poly(dG-dT) (36). These results

have been rationalized on the basis of the counterion conden

sation theory (35). In the absence of a clear understanding of
the macromolecular structure of estrogen receptors, the mech
anism of interaction of polyamines with estrogen receptors
cannot be described on the basis of a theoretical model at
present.

Results shown in Figs. 4-6 demonstrate a remarkable stabi
lization effect of polyamines on estrogen receptors at different
cation concentrations. Even though the maximum effects of
polyamines on ligand dissociation rates occur at low ionic
strength, these effects are also present at physiologically rele
vant cation concentrations. As seen from Fig. 6, polyamines
dramatically increased the recovery of estrogen receptor from
sucrose gradients, indicating an overall stabilization of the
receptor by polyamines in the presence of 150 HIMNaCl. The
optimum concentrations of polyamines that stabilize estrogen
receptor are also compatible to their physiological concentra
tions, 1-2 mM for spermidine and 0.1-1 HIM for spermine.
Since the biological potency for estrogen receptors are realized
only after their interaction with estrogens, the polyamine-in-
duced stabilization of the estrogen-receptor complex may be
important in the estrogenic regulation of gene expression. In
conformity with this hypothesis, we observed an increase in
estrogen receptor binding to DNA in the presence of polya
mines (37).

RNase treatment of estrogen-receptor complexes prevents
the formation of aggregates or precipitates over a wider range
of polyamine concentrations compared to the native receptors.
From our earlier studies on the effects of RNase on the activa
tion mechanisms of estrogen and progesterone receptors (23,
24) and the aggregation effects of polyamines on DNA and
RNA (21, 38), we propose that a probable cause for the aggre
gation of native receptors at relatively low polyamine concen
trations is the interactions of polyamines with a receptor-
associated RNA molecule. It is possible that RNase may not
have access to all of the RNA and the unreacted RNA may
interact with polyamines under certain conditions. Thus,
RNase-treated receptors also undergo aggregation and precip
itation at higher concentrations of spermidine and spermine
(Fig. 4).

Polyamine-induced effects on the structure and stability of
estrogen receptor complexes may have important consequences
due to their presence in all living cells. In normal mammalian
cells, putrescine levels are in nanomolar concentrations. How
ever, putrcscine levels accumulate prior to the initiation of the
synthesis of spermidine (2). Spermidine levels are reported to
be about 0.5 HIMin uterus, 1.5 mM in growing mammary tumor,
and 1 mM in regressing mammary tumor (30). The spermine
levels in these tissues are about 0.3, 0.4, and 0.5 mM, respec
tively. The variations in polyamine levels at different stages in
the growth of the target cells may contribute to the structural
heterogeneity of estrogen receptors (39) and may modulate
estrogenic control of gene expression.

It is interesting to note that hormone-responsive and unres
ponsive breast cancer cell lines have been found to be sensitive
to a-difluoromethylornithine, a suicide inhibitor of ODC (40,
41). Hormone-responsive cell lines, however, are more sensitive
to a-difluoromethylomithine than hormone-unresponsive cell
lines. Exogenous addition of polyamines reverses the growth-
inhibitory effect of the antiestrogen, tamoxifen (42). The inter
action of polyamines with estrogen receptor may involve one
of the mechanisms by which estrogenic and polyamine pathways
are interlinked. Characterization of these interactions will be
useful in the therapeutic management of breast cancer using
antiestrogens and polyamine biosynthetic inhibitors.
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