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ABSTRACT

Putrescine, spermidine, and spermine are a group of small organic
cations, collectively known as polyamines.They are present in all living
cells, and their levels are generally increased in tumor cells. Progesterone
receptor Is a gene-regulatoryprotein that plays a major role in gestation
and in hormonal responsiveness of breast cancer. We studied the effects
of putrescine,spermidine,2 lower homologuesof spermidine,N'- and
N@-acetyl spermidines, spermine, and N'-acetyl spermine on the sedi
mentationprofile and DNA binding of progesteronereceptor from rabbit
uterus. Progesterone receptor, prepared in hypotonic buffer, sedimented
at the7S regionofsucrose gradients.Inthe presenceof 1 mi@apUtreSCine,
a partof thereceptorwasconvertedtoa 58 form.In thepresenceof 1
mM spermidine or 0.25 mr@ispermine, the receptor was completely
transformed to the 5S form. The DNA binding of the 7S form of
progesterone receptor was 7 Â±3%. After inCUbating this receptor with 1
mM pUtrescine,1 mM spermidine,or 0.25 mi@sspermine,its DNA binding
increasedto 16 Â±4, 37 Â±3, and 44 Â±5%, respectively.The structural
s@city of polyaminesin facilitating the DNA bindingof progesterone
receptor was examined by using two spermidine homologues.The first
homologuewith one methylene group less than that of spermidine was
as effectiveas spermidinein transformingprogesteronereceptor.Re
moval of two methylene groups, however, had a dramatic effect in
reducing the efficacy of the resulting molecule to the level of putrescine.
Taken together, our results show that natural polyaminesare capableof
modulatingthe bindingof progesterone receptor to DNA. Since prOges
teronereceptor is associatedwith the hormonal responsivenessof human
breast cancer, polyamine levels in tumor cells might play an important
rolein the gene-regulatoryfunctionof progesteronereceptor.

INTRODUCTION

Progesterone receptor is a gene-regulatory protein that has
been extensively studied in the chick oviduct (1â€”4),rabbit uterus
(5â€”7),and human breast cancer tissues (8, 9). In chick oviduct,
progesterone receptor is involved in induction of the egg white
proteins ovalbumin, conalbumin, and ovomucoid (10â€”12).In
rabbit uterus, the uteroglobin gene is controlled by progesterone
receptor (13). Although specific proteins induced by progester
one receptor are not identified in human breast cancer, the
presence of the receptor in tumor tissues has been correlated to
a higherresponse rate in endocrinetherapy(14).

The rabbit uterine progesterone receptor extracted in hypo
tonic buffers sediments in the 7 to 105 region in sucrose
gradients (15). The 7 to 105 form of progesterone and other
steroid receptors are oligomeric proteins with similar or dissim
ilar subunits (16). It has been suggested that this oligomeric
form represents the native form of progesterone receptor (4,
15). The 75 receptor complexed with progesterone at 4Â°Chas
little affinity for DNA in vitro, but the receptor acquires DNA
binding capacity upon its transformation to a 45 form (17, 18).
Transformation of progesterone receptor involves the conver
sion of the oligomeric protein to the monomeric form with
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concomitant changes in surface charge (19). The native receptor
is negatively charged and becomes less acidic on its transfor
mation to the DNA binding form. Hence, the native form of
the receptor could be a target for positively charged cellular
components, such as the polyamines. Polyamines are ubiqui
tous cellular components and are known to affect the structure
and reactivity of proteins and nucleic acids (20).

The naturally occurring polyamines, putrescine [H2N-
(CH2)@NH2], spermidine [H2N(CH2)@NH(CH2)@NH2], and
spermine [NH2(CH2)3NH(CH2)4NH(CH2)3NH2J, are intimately
related to cell growth and differentiation. Polyamine levels are
elevated in rapidly growing cells, including tumor cells (2 1â€”23).
Polyamines stimulate DNA and RNA polymerases and afTect
reactions involving tRNA, rRNA, and mRNA (24). Cellular
polyamine concentrations are regulated by ODC,3 an enzyme
induced by hormones and growth factors (22). In the present
investigation, we examined the effects of polyamines on the
structural alterations and DNA binding of progesterone recep
tor isolated from rabbituterus. Our results show that natural
polyamines are capable of enhancing the binding of progester
one receptorto DNA.

MATERIALS AND METhODS

Chemicals. The synthetic progestin [3H]R5020 ([17a-methyl-[3H]-
R5020) (89 Ci/mmol) was pUrchased from New England Nuclear
(Boston, MA). Nonradioactive R5020, â€˜4C-labeledbovine serum albu
mm, and â€˜y-globulinwere also obtained from New England Nuclear.
DNA-cellulose, putrescine. 2HC1, spermidine. 3HCI, spermine.4HC1,
N'- and N@-acetyl spermidines.2HCI, and N'-acetyl spermine. 3HC1
were purchased from Sigma Chemical Co. (St. Louis, MO). AP2 and
AP3 were purchased as the free amines from Aldrich Chemical Co.
(Milwaukee, WI) and were converted to the hydrochlorides by treating
them with concentrated HO in ethanolic solution (25). The salts were
recrystallized from ethanol and dried over P2O, in a desiccator. The
purity ofthe hydrochlorides wascheckedby thin-layer chromatography.

Preparation of Rabbit Uterine Progesterone Receptor. New Zealand
White rabbits were purchased at 5 to 6 mo of age from Birchwood
Farms, Hudson, WI. Rabbits were sacrificed by an i.v. administration
of phenobarbital. The cytosolic progesterone receptor was extracted as
describedearlier(7, 26).The uterus wasdissectedfree from surrounding
mesentery. Uterine tissue was minced and homogenized at 4Â°Cin 10
volumes of TED buffer. The tissue was homogenized by 3 bursts of a
Polytron PT-10 homogenizer with 2-mm cooling periods. The tissue
homogenate was centrifuged at 105,000 x g for 45 mm to obtain
cytosol. The major portion of the cytosol was incubated with 10 n@i
[3HJR5020 and used for sucrose gradient centrifugation or DNA
cellulose binding assay. The receptor content of the cytosol was deter
mined byDCC assay(27). For this purpose, triplicate aliquots of cytosol
were incubatedat 4Â°Cwith 10 nM [3HJR5020in the presence and
absence of2 iMnonradioactive R5020 for 2 h to determine nonspecific
and specificbinding,respectively.The cytosol containingthe hormone
was treated with an equal volume of DCC suspension (final concentra
tion, 0.025% dextran and 0.25% Norit A) for 10 min at 4C. The
reaction mixture was centrifuged at 5000 x g, and the radioactivity of
the supernatantwas determinedusingAquasol-2scintillationfluidin a
Beckman L52800 scintillation counter. Specificbinding of [3HJR5020

3 The abbreviations used are: ODC, ornithine decathoxylase R5020, 12,21-

dimethyl-19-nor-pregn-4,9-diene-3,20-dione; AP2, N-(2-amincethyl)-l,3-pro
panediamine;AP3, 3,3'-iminobis(jropylamine);TED buffer, 10 m@iTris-HC1
(pH 7.4):! m@EDTA:l mis'sdithiothreitol; DCC, dextran-coatedcharcoal.
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to the receptor was calculated by subtracting nonspecific binding from
total binding. Protein concentration of the cytosol was 3.7 Â±0.5 mg/
ml (n = 6) by the assay of Lowry et aL (28).

Sucrose Gradient Centrifugation. Linear 10 to 30% sucrose gradients
were preparedin TED buffercontainingthe experimentalconcentra
tions of NaC1or polyamines with a Buehler automatic gradient maker
(26, 29). The gradients were made in 3.8-ml polyallomer tubes. Cytosol
was equilibrated with 10 nM [3H1R5020at 4'C for 2 h and was used
for sucrosegradientcentrifugation.Aliquotsof the cytosol were inca
bated with the indicated concentrations of polyamines for 30 mm at
4C. Unbound(3H1R5020wasremovedbytreatmentwitha DCCpellet
prepared by centrifugation of the suspension (fmal concentration,
0.025% dextran and 0.25% Norit A). Aliquots (200 @il)of DCC-treated
cytosol were layered on top of the sucrose gradients and centrifuged at
256,000 x g for 16 h. After puncturing the bottom of the tubes, four
drop fractions were collected by gravity flow. â€˜4C-labeledbovine serum
albumin (4.55) and -y-globulin (75) were used as internal markers to
determine the sedimentation constants.

Partial Purification of ProgesteroneReceptor.Cytosolic progesterone
receptor was partially purified by sucrose gradient centrifugation. For
this purpose, 10 to 30% linear sucrose gradients were prepared in 5-ml
polyallomer tubes, and 0.5-mi aliquots of DCC-treated cytosol were
layered on top of the gradients. Centrifugation was done at 234,000 x
g for 17 h, and six drop fractionswere collected. Aliquots from each
fraction were used for determining the receptor peak by measuring
radioactivity. The receptor peak fractions were pooled and used im
mediately for DNA binding studies. The specific activity of progester
one receptorincreasedfrom 1.1 Â±0.3 pmol to 4.7 Â±1.0 pmol/mg
protein (Â±SDn = 3) after this purification step.

DNA-CellUlose Binding Assay. Calf thymus DNA coupled to cellu
lose was obtained from Sigma Chemical Co. DNA-cellulose (4 mg
DNA/g cellulose)was soaked in TED buffer for 16 h (29). The super
natant was decanted from the resin, and the resin was resuspendedin
TED buffer at a concentration of I g per 20 ml buffer. Cytosolic
receptor was equilibrated at 4C with 10 nM (3HJR5020for 2 h and
wasusedforthe DNA bindingassay.Aliquotsofthe cytosolicreceptor
were treated with the desired concentration of polyamines at 4C for
30 mm. Polyamines were added from 100-fold concentrated stock
solutions to minimize the dilution of cytosoL Triplicate aliquots of
polyamine-treated cytosol (200 @zl)were mixed with a DNA-cellulose
pellet. This pellet was preparedby centrifuging200 @dof the DNA
cellulosesuspension at 5000 x g for 10min. The mixture was incubated
at 4C with continuous mixing. In control experiments, polyamine
treated cytosol was incubated with cellulose. After 60-mm incubation,
the solutions were centrifuged at 5000 x g for 10 mm, and the
supernatants were removed.The DNA-cellulosepellet was resuspended
in 2 ml of TED buffer and centrifuged. After a secondwashing with 1
ml of buffer, the DNA-cellulose pellet was incubated overnight with 1
ml of ethanol and centrifuged, and the radioactivity of the supernatant
was determined by scintillation counting. Progesterone receptor bound
to cellulosewas subtractedfromthe total boundreceptorto determine
the specificbinding of the receptor to DNA.

RESULTS

Effects of Putrescine, Spermidine, and Spermine on the Sedi
mentation Profile ofProgesterone Receptor. In order to examine
the effect of polyamines on the transformation of progesterone
receptor, we incubated the receptor with different concentra
tions of polyamines for 30 mm. The solutions containing the
receptor and polyamines were analyzed in sucrose gradients.
The gradients also contained polyamine concentrations equiv
alent to that in the receptor solution. Fig. 1 shows the effects
ofNaCl, putrescine, spermidine, and spermine on the sedimen
tation profile of progesterone receptor. In TED buffer contain
ing 4 mM NaCI, progesterone receptor sedimented at the 7S
region of the sucrose gradient. A small peak was also observed
at the bottom of the gradient which we attributed to receptor
aggregation. When 150 mM NaCl was included in sucrose
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Fig. 1. Effectsof NaCl, putrescine,spermidine,and spermineon the sucrose
gradientprofileof progesteronereceptor.Rabbituterinecytosolwasequilibrated
with 10 flM (â€˜H1R5020for 2 h, mixedwith differentconcentrationsof NaCI or
polyamines, and incubated at 4'C for 30 mm. Concentrations of NaCI and
polyamines were: in A, 4 mM NaCI (0); 150 mr.i NaCI (â€¢);and nonspecific
binding.4 mM NaO (n); in B, 0.5 mr@iputrescine(0) and 1 m@.iputrescine(â€¢);
in C, 0.5 mM spermidine(A) and 1.0 m@.ispermidine(Lx);and in D, 0.25 miii
spermine(A) and0.5miii spermine(L@).Thesucrosegradientsconsistedof the
indicated concentrations ofNaCl or polyamines in TED buffer. Internal markers
were â€˜IC-labeled7-globulin (75) and bovine serum albumin (4.5S). Similar
sedimentation profiles were obtained in four separateexperiments.
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Fig. 2. Effectsof NaG and polyamineson the DNA bindingof progesterone
receptor.Aliquotsof cytosolwereequilibratedin bufferat 4C for 30 mmwith
the indicatedconcentrationof NaCI or polyamines.Triplicate aliquots(200 gil)
of polyamine-treatedprogesteronereceptorwereincubatedwith DNA-cellulose
at 4C for 60 min, andboundreceptorwasquantitatedby scintillationcounting.
Points, mean of four expatiments bars, SD.

gradients, the 7S receptor transformed to the 4S form, and the
peak due to receptor aggregation disappeared. In the presence
of 0.5 mMputrescine,the receptoraggregationwas eliminated,
but the receptor sedimented in the 7S region. With 1 nmi
putrescine, two peaks at 7S and 5S regions of sucrose gradients
wereobserved.In the presenceof 0.5 mr@@ispermidine,only the
5S peak was observed, showing complete transformation of the
native receptor to the 5S form. With spermine, the transfor
mation of progesterone receptor was complete at 0.25 m@s
concentration.

Effect of Polyamines on the DNA Binding of Progesterone
Receptor. Fig. 2 shows the effects of increasing concentrations
of NaCl, putrescine, spermidine, and spermine on the DNA
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Progesterone receptor was purified by preparative sucrose gradient centrifu
gation and incubated with the indicated concentrations ofpolyamines TheDNAbinding

ofthe receptor wasdetermined asdescribedin â€œMaterialsandMethods.â€•Additives

and PR@boundto DNA PR boundtoDNAtheir
concentrations (10' x cpm) (% oftotal)None

O.9Â±O.lb3Â±1Spermidine
(1 mM) 6.0 Â±0.4 20 Â±2AP3(lmM)

6.4Â±0.522Â±2AP2(lmM)
2.5Â±0.3 9Â±1

EFFECTS OF POLYAMINES ON PROGESTERONE RECEPTOR

binding of progesterone receptor. In this study, we incubated
progesterone-receptor complex with the indicated concentra
tions of polyamines for 30 mm at 4'C, mixed with DNA
cellulose and further incubated at 4Â°Cfor 60 min. After remov
ing the unbound receptors by centrifugation, the amount of
progesterone receptor bound to DNA was determined by scm
tillation counting. The DNA binding of rabbit uterine proges
terone receptorwas 7 Â±3% in TED bufferat 4Â°C.Incubation
of the receptor with 200 nmi NaCl caused an increase in the
DNA binding of progesterone receptor to 42 Â±5%. At higher
NaC1 concentrations, however, a decrease in DNA binding was
observed, presumably due to the destabilization of ionic inter
actions between the receptor and DNA. In the presence of 1
mM putrescine, 1 mM spermidine, and 0.25 mr@i spermine, 16,

37, and 44%, respectively, of progesterone receptor bound to
DNA. At higher concentrations of spermine, the DNA binding
of the receptor decreased. Experiments were also conducted to
examine the kineticsofreceptor transformationin the presence
of optimal concentrations of polyamines. The maximum in
crease in DNA binding occurred in less than 5 mm of incubation
of the receptor with optimal concentrations of polyamines.

Effect of Polyamines on the DNA Binding of Partially Purified
Progesterone Receptor. We also investigated the effects of pol
yamines on partially purified receptor. For this purpose, we
purified progesterone receptor in the native 7S form using
sucrose gradient centrifugation. Table 1 presents the effects of
spermidine on the DNA binding of partially purified receptor.
In the absence of spermidine, the DNA binding of partially
purified 7S receptor was 3 Â±1% in TED buffer, which was
lower than that of the unpurified receptor. The background
(binding to cellulose) was also higher in both the control and
polyamine-treated samples. Mulvihill et a!. (3) also observed
loss ofDNA binding activity ofprogesterone receptor on partial
purification. In the presence of 1 mrsi spermidine, there was a
6-fold increase in the DNA binding of the receptor. This in
crease was comparable to that observed with the unpurified
receptor in the presence of spermidine. Therefore, the increase
in DNA binding of progesterone receptor in the presence of
spermidine is not affected by the presence of cytosolic compo
nents.

Ionic Effectson Polyamine-inducedIncreasein DNA Binding
of ProgesteroneReceptor.We furtherexamined the effects of
NaCl on the spermidine- and spermine-induced transformation
of progesterone receptor to the DNA binding form. In these
experiments, cytosolic receptor was equffibrated with [3H]-
R5020 and divided into three portions. Small volumes of 5 M
NaCl solution were added to the receptor solutions to make up
the salt concentration to 10, 50, and 100 m@i in Na@. These
samples were subdivided and incubated with the desired con
centrationsof polyamines at 4C for 30 mm. Fig. 3 shows the
effect of spermidine on the DNA binding of the receptor in the
presence of these salt concentrations. The concentration of
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Fig. 3. EffeCtof spermidineon the DNA bindingof progesteronereceptorat
variousconcentrationsof NaCI. Aliquotsofcytosol weremixedwith 10 (s), 50
(â€¢),and 100(0) mMNaG. Thesealiquotswerefurtherdividedand incubated
with increasingconcentrationsof spermidineat 4C for 30 mm. The NaCI- and
polyamine-treated receptors were mixed with DNA.cellulose. The binding of the
receptor to DNA was determined by DNA-cellulose centrifugation assay.Points,
meanofthreeexpetimentsbars,SD.
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Fig. 4. Effect of spermine on the DNA binding of progesterone receptor at

defined concentrations of NaC1.Aliquots of cytosol were mixed with 10 (Es),50
(â€¢),and 100(0) mMNaa. Thesealiquotswerefurtherdividedand incubated
with differentconcentrationsof sperminefor 30 mm, and the DNA bindingof
the receptorwasdetermined.Points,meanof threeexpthments bars,SD.

spermidine that caused the optimum increase in binding of
progesterone receptor to DNA decreased from 0.5 m@ito 0.1
mM as the NaCl concentration was increased from 10 to 100

mM. Similar results were obtained with spermine (Fig. 4). The

concentration of spermine that caused an optimum increase in
DNA binding of the receptor was 0.25 mr@iat 10 mr@iNaC1.
This concentration decreased to 0.1 mr@iin the presence of 100
mM NaCl. The DNA binding of the receptor decreased from

47% at 0.1 mM concentration of spermine to 22% at the 0.5
mM level.

Effect of Polyamine Acetylation on the DNA Binding of Pro
gesterone Receptors. Acetylation is a pathway to regulate the
intracellular concentration of polyamines. Acetylation causes
the removal of a positive charge from the acetylation site on

Table I Effect ofspermidine and its homologueson the binding of partially
purifwdprogesterone receptor to DNA

a PR, progesterone receptor.

M@ Â±SD of three experiments.
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Fig. 7. Effects ofsynthetic polyamines on the sedimentation profile of proges
teronereceptor.Curvesrepresentprogesteronereceptorincubatedwith 3 mr,i
NaCl(O); I mMAP2(â€¢),or I mMAP3(A).
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Fig. 8. Effectsof syntheticpolyamineson the DNA bindingof progesterone
receptor. The cytosolic receptor was incubated with increasing concentrations of
AP2 (â€¢)or AP3 (0), and the DNA binding of the receptorwas determined.
Points,meanof threeexperiments;bars,SD.
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Fig. 5. Effects of acetylated polyamines on the sedimentation profile of pro
gesteronereceptor.Cytosolicreceptorwasincubatedwith 3 m@iNaCI (0), 1 m@i
N'-acetyl spermidine (â€¢),1 mM N'-acetyl spermidine (h), or 1 mM N'-acetyl
spermine (A).

Fig. 6. Effects of acetylatedpolyamines on the DNA binding of progesterone
receptor.Curvesrepresentreceptorsincubatedwith increasingconcentrationsof
N'-acetylspermidine(â€¢),N-acetyl spermidine(0), andN'-acetylspermine(L@).
Points, meanof three expetiments bars, SD.

the amino or imino groups. In the case of N'- and N@-acetyl
spermidines, the positive charge separation varies by one â€”
CH@â€”group as shown below:

AcNH(CH2)3N@H2(CH2)@,NH3@(N'-acetyl spermidine2@)

H3@N(CH2)3NHj'@(CH2)4NHAc(N@-acetyl spermidine2@)

Fig. 5 shows the effects ofacetylated spermidines and sperm
me on the sedimentation profile of progesterone receptor.
Treatment ofprogesterone receptor with 1 mr@iN'- or N@-acetyl
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spermidine caused partial transformation of the receptor to a
mixture of7S and SS forms. WithN'-acetyl spermine, however,
the receptor was completely transformed to the SS form. Fig.
6 shows the effects of acetylated spermidines on the DNA
binding of progesterone receptor. In the presence of 1 mM N'-
and N@-acetyl spermidines, the optimum increase in DNA
binding was 18% only. This value is comparable to that of
putrescine. N'-Acetyl spermine was as effective as spermidine
and caused an increase in DNA binding of progesterone recep
tor to 41 % at 1 mM concentration.

Effects of Polyamine Structure. We also examined the relative
efficiencies of two spermidine homologues to transform pro
gesterone receptor. The chemical structures of the compounds
used for this study are H2N(CH2)@NH(CH2),NH2 . 3HCI (AP3)
and H2N(CH2)3NH(CH2)2NH2 . 3HC1(AP2). These compounds
carry the same number of positive charges as spermidine, but
they lack one (AP3) or two (AP2) â€”CH@---groups on one arm
of the molecule. Fig. 7 shows the effects of 1 mr@iAP2 or AP3
on the sedimentationprofile of progesteronereceptor.Incuba
tion of the receptorwith 1 mr@iAP3 produceda single peak at
the 5S region in sucrose gradients. Similar treatment with 1
mM AP2 produced a mixture of 7S and SS peaks. Fig. 8 shows

the effects ofAP2 and AP3 on the DNA binding of progesterone
receptor. The DNA binding of progesterone receptor incubated
with 1 mM AP3 and 1 mr@iAP2 was 36 and 18%, respectively.
Thus, AP3 is as effective as spermidine, whereas AP2 was only
as effective as putrescine. Similar effects are obtained on using
these compounds in the transformation of partially purified

IAcetylPolyamines].
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EFFECTS OF POLYAMINES ON PROGESTERONE RECEPTOR

significant structural effects on the helix-coil and the B-DNA
to Z-DNA transitions ofcalfthymus DNA and poly(dG-m5dC).
poly(dG-m5dC), respectively (36).

There are several important differences in the effects of
polyamines on estrogen and progesterones receptors. We re
cently showed (26) that the native 7S form of rabbit uterine
estrogen receptor aggregated and precipitated in the presence
of 0. 1 to 1 mM spermidine or spermine. In the case of proges
terone receptor, precipitation was not observed in the presence
ofpolyamines. In contrast, the 7S form ofprogesterone receptor
transformed to a 5S form under these conditions. In order to
eliminate the aggregation tendency of the receptor in the pres
ence of polyamines, we treated estrogen receptor with RNase.
Treatment of cytosolic estrogen receptor with 100 @ig/mlof
RNase substantially reduced the polyamine-induced aggrega
tion of estrogen receptor. This result suggests that the aggre
gation ofestrogen receptor in the presence ofpolyamines might
be related to the presence of a receptor-associated RNA mole
cule (26). Several investigators have shown that polyamines
cause the aggregation of DNA and RNA (37, 38). Our earlier
studies showed that the 7S form ofprogesterone receptor could
also be converted to 4S form by RNase, suggesting the presence
of an associated RNA molecule in progesterone receptor (7).
RNA-progesterone receptor interactions are less stable than
RNA-estrogen receptor interactions, because the former com
plexes are disrupted by the presence of 150 mM NaCl. In
contrast, RNA-estrogen receptor is stable at 150 mr@iNaC1 (29).

It is well recognized that the interaction of progesterone and
other steroid receptors with specific DNA sequences in the 5'
flanking regions ofspecific genes plays a major role in hormonal
regulation of gene expression. The affinity of steroid receptors
to these regulatory sequences is not sufficient for the selective
gene expression observed in a given cell type (39). Regulatory
molecules such as polyamines might play an important role in
enhancing or destabilizing sequence-specific interactions of the
receptors. For example, Manni et a!. showed that polyamines
play a major role in the action of progesterone in N-nitroso
methylurea-induced rat mammary tumor growth in vitro (40).

Intracellular polyamine levels are delicately controlled by
ODC, spermidine and spermine synthetases, and acetylases (22,
23). In normal mammalian cells, putrescine levels are in nano
molar concentrations. However, putrescine levels accumulate
prior to the initiation ofthe synthesis ofspermidine and sperm
me. Spermidine levels in lactating mammary gland are reported
to be.as high as 5 mM (41). On the other hand, the spermine
level is 0.5 mM. Based on these data, the concentrations of
polyamines used in our experiments are comparable to the
intracellular polyamine levels.

In conclusion, polyamines are highly effective in modulating
the DNA binding of progesterone receptor. The efficacy of a
polyamine to transform progesterone receptor from its native
form to the DNA binding form depends on its ionic charge as
well as chemical structure. Among the trivalent polyamines,
naturally occurring polyamine spermidine is the most efficient
catalyst to enhance the binding of progesterone receptor to
DNA. These results suggest that polyamines might play an
important role in progesterone receptor-mediated gene regula
tion in target cells including breast cancer.
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progesterone receptor (Table 1). These results show that the
number of methylene groups between the amino and imino
groups of a polyamine is an important factor governing its
efficacy to modulate the structure and interactions of proges
terone receptor.

DISCUSSION

This study shows that naturally occurring polyamines are
capable of facilitating the conversion of native progesterone
receptor to a form that binds DNA with high affinity. Ionic and
structural effects play an important role in the efficacy of the
polyamines to transform the receptor. In general, a polyamine
carrying a higher number of positive charges is more efficient
than the one carrying a lower number of charges. Thus, there
is an increase in the efficiency of the polyamines in the series
spermine4@ > spermidine3' > putrescine2'. The sedimentation
coefficient and the DNA binding of polyamine-treated proges
terone receptor are comparable to the NaCl-treated receptor.
Thus, the NaCl-induced 45 and the polyamine-induced SS
forms ofprogesterone receptor are similar in their DNA binding
capacity. The effects of polyamines on the receptor are, how
ever, more profound than their ionic effects. In order to achieve
the effect of 0.25 mM spermine, we need 200 mrs NaCI.
Furthermore, a narrow range of spermine concentration is
capable of modulating receptor-DNA interactions at various
NaCl concentrations. In the presence of 100 mM NaCI, there
is a reduction (47% to 22%) in the binding of progesterone
receptor to DNA as the concentration of spermine is increased
from 0.1 to 0.5 mM. Polyamines exerted similar effects on the
DNA binding of 7S progesterone receptor before and after
partial purification of the receptor through sucrose gradients.
Therefore, the effect of the polyamines is not modulated by
cytosolic components.

The oligomeric forms of progesterone and other steroid
receptors consist of hormone-binding subunits, proteins with
no hormone-binding activity (30), and receptor-associated RNA
molecules (7, 31). Although the mechanism of transformation
ofprogesterone receptor is not as yet clearly understood, recent
studies suggest that transformation involves separation of these
subunits by ionic interactions, conformational changes of the
receptor protein, or by removal of the receptor-associated RNA
(4, 7, 15, 32). Immunological studies suggest that the receptor
is localized in the cell nucleus (33, 34). Therefore, the transfor
mation ofthe receptor can be considered to be a nuclear process.
Intracellular polyamines might therefore facilitate the transfor
mation of the receptor by electrostatic and hydrophobic inter
actions.

Our results reveal that the ability of polyamines to modulate
progesterone receptor binding to DNA is governed by the
number of methylene groups in the polyamines. In the case of
the homologues of spermidine, a bridging of at least three
methylene groups between the amino and imino groups is
necessary to achieve the maximum efficiency. AP2 which has
only two methylene groups between -NH- and -NH2- groups
on one arm of the molecule is only as effective as putrescine2'.
This result is compatible with other situations, including the
stabilization of DNA against thermal helix-coil transition (25)
and the NMR relaxation of 23Na in the presence of an polya
mine-DNA complex (35). The general effect of acetylation
appears to be a reduction ofnumber ofcharges on the molecule.
Differences in charge separation in N'- and N@-acetyl spermi
dines have no significant effect on their efficacy to transform
the receptor. In contrast, N'- and N8-acetyl spermidines exert
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