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Pyrimidine-purine-pyrimidine triplex DNA
stabilization in the presence of tetramine and
pentamine analogues of spermine

T.J. Thomas, Carolyn Ashley, Thresia Thomas, Akira Shirahata,
Leonard H. Sigal, and Jeremy S. Lee

Abstract: The formation and stability of triplex DNA were investigated in the presence of a number of tetra)reng
pentamine £5) derivatives of spermine with altered spacing between the positive charges and bis(ethyl) substitution of
pendant amino groups. Thermal denaturation profiles were measured for the duplex and triplex forms of
poly[d(TC)]poly[d(GA)] and poly(dA)poly(dT); in both cases the pentamines were more effective than the tetramines in
increasing the melting temperatufk,J of the triplexes. Some structural effects were evident, although bisethylation of the
polyamines had only a minor effect on tfig of pyrimidine—purine—pyrimidine triplexes. Relative association constants to
poly(dT)poly(dA)poly(dT) and poly[d(AT)] were measured by an ethidium competition assay. These results demonstrated
tighter binding of the pentamines by a factor of up to 10-fold, but bisethylation consistently decreased the relative association
constants to the triplex. A third assay involving transmolecular triplex formation between separated pyrimidine—purine tracts
in plasmid DNA was also employed. Again the pentamines promoted triplex formation at lower concentrations than the
tetramines but structural effects were very important in determining the degree of triplex formation. These results may be
important for the design of suitable ligands to stabilize triplex DNA in antigene therapeutics and to elucidate the mechanism
of action of polyamine analogues as antitumor drugs.

Key words triplex DNA, polyamines, spermine analogues, triplex stability, antigene therapeutics.

Résumé: La formation et la stabilité de I'ADN triple brin ont été étudiées en présence de plusieurs tétrardines (
pentamines+«5) dérivées de la spermine ayant différents espacements entre les charges positives et les groupes amines
biséthylés terminaux. Les profils de dénaturation par la chaleur des doubles et triples brins de poliddffi€)5A)] et de
poly(dA)poly(dT) ont été déterminés. Dans les deux cas, les pentamines augmentenflpldssatriples brins que les
tétramines. Des effets structuraux sont évidents méme si la biséthylation des polyamines a peu d’effef des kziples

brins pyrimidine—purine—pyrimidine. Les constantes relatives d’association au pdgtyTilA)poly(dT) et au poly[d(AT)]

ont été déterminées grace a une méthode de compétition avec I'éthidium. Les résultats indiquent que les pentamines se lient
jusqu'a 10 fois plus fortement et que la biséthylation diminue toujours les constantes relatives d’association au triple brin.
Une troisiéme méthode mesurant la formation d’un triple brin transmoléculaire entre différentes portions pyrimidine—purine
d’'un ADN plasmidique a également été utilisée. De nouveau, les pentamines favorisent la formation de triples brins a des
concentrations plus faibles que les tétramines, mais des effets structuraux sont trés importants pour déterminer le taux de
formation des triples brins. Ces résultats pourraient étre importants pour la conception de ligands capables de stabiliser
I’ADN triple brin au cours d’une thérapie dirigée contre un géne et pour I'élucidation du mécanisme d’action antitumoral
d’analogues de polyamines.

Mots clés: ADN triple brin, polyamines, analogues de la spermine, stabilité de triples brins, thérapie dirigée contre un géne.
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Introduction On the other hand, the minor groove may become more A-like
and narrower in a triplex, which again might promote the bind-
The polyamines spermine and spermidine are present in alling of polyamines (Schmid and Behr 1991).
eucaryotic cells. Their concentration is in the millimolar range  Triplex-forming oligonucleotides have attracted widespread
but since the majority is bound to nucleic acids, the free attention because of their possible use in antigene therapies
concentration may be much lower (Sarhan and Seiler 1989).(Wagner 1995; Stein 1995). In principle, a specific oligonu-
Since they bind tightly to DNA and RNA they are involved cleotide can bind to a single pyrimidine—purine tract in the
directly or indirectly in every cellular process that requires regulatory region of a target gene and modulate its activity.
nucleic acids (Tabor and Tabor 1976, 1984, 1985). For ex- Because triplex formation is sequence specific, the oligonu-
ample, topoisomerases are stimulated by spermine; the bindcleotide can be designed so that it will only bind to a single
ing of some transcription factors is increased by polyamines site on the genome. To be effective the oligonucleotide must
whereas for others it is inhibited (Krasnow and Cozzarelli have a very high binding constant while retaining its speci-
1982; Panagiotidis et al. 1995). ficity. Thus, a possible extension of this strategy is to attach a
The biosynthesis of polyamines varies through the cell cy- secondary ligand to the oligonucleotide to improve its triplex-
cle and is tightly regulated (Pegg 1988). In some tumor cells forming potential (Thomas and Thomas 1993; Thomas et al. 1995).
this regulation may be relaxed and polyamine concentrationsIn this context polyamines may be useful secondary ligands.
are higher than in normal cells (Marton and Morris 1987). For these reasons, we have studied the triplex-forming po-
Therefore, polyamine biosynthesis is a potential target for can-tential of a series of analogues of spermine. The compounds
cer chemotherapy. Polyamines and their analogues are readilyiffer not only in their total charge+4 or +5) but also in the
transported into cells, so inhibiting the biosynthesis can be charge separation; as well, the bis(ethyl) derivatives were tested
accomplished in vivo (Feuerstein et al. 1992). For example, because these compounds are resistant to catabolism within
difluoromethylornithine (DFMO) inhibits ornithine decar- the cell and have been studied as possible antitumor agents
boxylase, which is the first committed step in the polyamine (Porter and Sufrin 1986; Marton and Pegg 1995).
biosynthetic pathway (Sjoerdsma and Schechter 1984). Other
analogues such as bisethylsperming repress the biosy.mhetii\llaterials and methods
enzymes and can lead to the depletion of polyamines in the
cell (Porter and Sufrin 1986). In general, however, since all Polyamines
cells require polyamines for normal cell growth, these ana- gpermidine trihydrochloride and spermine tetrahydrochloride were
logues tend to be nonspecific and toxic side effects are oftenpurchased from Sigma Chemical Co. (St. Louis, Mo.). 1,11-Diamino-
encountered. 4,8-diazaundecane (norspermine, 3-3NB)N'-bis(ethyl)norspermine
A major role for polyamines is in charge neutralization, (BE-3-3-3),N'N'*bis(ethyl)spermine (BE-3-4-3), 1,14-diamino-5,10-
allowing the DNA to be condensed more easily (Gosule and diazatetradecane (homospermine, 4-4)\*“bis(ethyl)homospermine
Schellman 1976; Thomas and Bloomfield 1983). More spe- (BE-4-4-4), 1,15-diamino-4,8,12-triazapentadecane (3-3-3-3), 1,15-
cific effects on DNA structure have also been observed and g'i%etltg'at‘m'“0)'4’ng'tr'azafinfgeca”de 1(?5'%3'31}13)" 1,_19-d?r1nc|)n105-
polyamines promote the conversion of B DNA to both A and ;> azanona ecane (4-4-4-4), and 1,19-bis(ethylamino)-5,10,15-

. triazanonadecane (BE-4-4-4-4) were synthesized according to proce-
Z forms (Thomas and Messner 1988; Thomas et al. 1991)'dures described earlier (He et al. 1994; Igarashi et al. 1995). The

Surprisingly, the mode of binding has proven difficult to de-  siryctures and purity of all polyamines were confirmed by elemental
fine and sites within both minor and major grooves of DNA  analysis, nuclear magnetic resonance, high-performance liquid chro-
have been proposed (Feuerstein et al. 1986; Egli et al. 1991;matography, and gas chromatography — mass spectrometrgh@he-
Dickerson and Drew 1981). Recently, the crystal structure of cal structures and abbreviations of these compounds are shown in
spermine bound to a distorted B DNA hexamer was reported Fig. 1. Concentrated solutions of the polyamines were prepared in
in which the spermine was bound across a narrowed minor10 mM sodium cacodylate buffer, pH was adjusted to 7.2, and small
groove rather than being embedded within it (Tari and Secco volumes were added_ to oligonucleotide solutions to make up the
1995). This suggests that it is the spacing and distribution of N€cessary concentrations.

phosphates in the backbone that determines the binding. There- i

fore, it is likely that the stabilization of A DNA, for example, is  Polynucleotides

: . . Poly[d(AT)] and poly[d(TC)]poly[d(GA)] were synthesized with
due to a narrower minor groove that the spermine can just Spa.n'Escherichia colDNA polymerase as described previously (Lee et al.

Triplexes are also stabilized by polyamines and under physi- 1979). poly[d(TC)poly[d(GA)] was melted at a concentration of
qloglcal co_nd_ltl_ons trlp_Iexes may be the preferred conforma- 40 M (per nucleotide) in 10 mM HEPES, pH 7, with 5 mM NaCl
tion for pyrimidine—purine sequences even though tKgfpr (Lee et al. 1993). Poly(dA) and poly(dT) were purchased from Phar-
the protonation of cytosine is 4.5 (Murray and Morgan 1973; macia Biotechnology (Piscataway, N.J.). The polynucleotides were
Moser and Dervan 1987; Hampel et al. 1991). Spermine is dissolved in 10 mM sodium cacodylate buffer (pH 7.2) and 0.5 mM
more effective than spermidine in promoting triplex formation ethylenediaminetetraacetic acid (EDTA) and dialyzed extensively
whereas acetylated polyamines and other analogues are gedrﬂté’atshi;damsr?;frfs&;onmggg?ggls t(?l‘;gt(_’c%(‘i/gég,’(‘:qeﬁ?s'yé‘?Tg)g"(‘)’grzt
erally less effective (Thomas and Thomas 1993). In both ured usi ucleotide extinctl ici
pyrimidine—purine—pyrimidine and pyrimidine—purine—purine 257 nm for poly(dA) and 9000 at 265 nm for poly(dT). Poly(dA) and

) . . . . poly(dT) were mixed in a 1:2 molar ratio in 10 mM sodium cacody-
triplexes the third strand binds in the major groove of the late buffer and the appropriate concentrations of polyamines were

parent duplex. The precise details of these structures are Notyged to prepare the triplex DNA solution. For melting temperature
known but one would predict that the region of the major groove (1, ) measurements, polynucleotides were used in the concentration
would have a very high negative charge density, which might range of 15-25uM (per nucleotide). The solutions were heated at
form a tight binding site for positively charged polyamines. 90°C for 5 min, cooled to room temperature (22°C), and then allowed
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Fig 1. Structures of the polyamines.

STRUCTURE ABBREVIATION

H3N+(CHj)3N tHy (CHj)4N +Ho (CHj)sN +Hj Spermine

EtN+H2(CHy)aN +Hy (CHp)aN +Hy (CHp)3N +Ho Et BEspermine

H3N+(CHp)3N +Hy(CHjy)3N tHp(CH3)3N +H3 3-3-3

H3N+(CH2)aN +Ho (CHj)4N +Ho (CH)4N +Hs 4-4-4

H3N*+(CHp2)3N +Ho (CHjp)3N +Hy (CH2)sN +H (CH3)3N +Hs3 3-3-3-3

H3N+(CH)4N +Ho(CH3)4N +Hy (CHy)4N +Ho(CHp)4N +Hj 4-4-4-4

EtN+tH2(CHj)3N+Hy(CHp)aN +Hg (CHp)3N +Ho Et BE-3-3-3

EtN+H7(CHy)4N*+Ho(CH)4N +Hp (CHy)4N+Hy Et BE-4-4-4

EtN+H32(CHy)aN *Ho(CH3)3N +Hy (CHy)3N +Ho (CH)3N +Ho Et BE-3-3-3-3

EtN+H7(CHp)4N *Ho (CH2)4N +Hao(CHp) 4N tHo (CHp) 4N +Ho Et BE-4-4-4-4
to equilibrate for 16 h at this temperature before us@&jrexperi- for 7 min. T-loops were formed by incubating 1.2§ (300uM in
ments. These polymers are 200—1000 bases in length and thus givewucleotides) of OC plasmid for 24 h at 21°C in 40 mM sodium acetate
rise to sharp, highly cooperative transitions. (pH 4.0), 0.1 mM EDTA, together with added polyamine in a total

volume of 10pL. After addition of 2L of tracking dye (0.25%

Thermal denaturation profiles bromophenol blue in 30% glycerol) the total sample was added to a

T, measurements were made at 260 nm on a Gilford 600 or 0.85% agarose gel and electrophoresed at 3.6 V/cm for 6 h at 4°C in
Perkin—Elmer Lambda 2 spectrophotometer equipped with a a pH 8 buffer of 40 mM Tris-acetate, 20 mM sodium acetate, and
thermoprogrammer. Melting profiles were obtained by increasing 0.1 mM EDTA.

the temperature at a rate of 0.5°C/min with the absorbance and tem-

perature being recorded every 30rs.was taken as the temperature

corresponding to half dissociation of the complexes and the repro- Results

ducibility was within+0.5°C. The first derivative, A/dT (whereA is
the absorbance anflis the temperature), of the melting curve was
computer generated and was also used for determinin@thd,

Thermal denaturation profiles provide a simple method to as-
sess the binding of drugs to duplexes and triplexes. In general,

values obtained from both methods did not differ by >0.5°C. the magnitude of the changeTy, is dependent on the amount
of drug bound and the binding site size (McGhee 1976). Thus,
Relative binding constants from ethidium competition for closely related drugs that have similar binding site sizes the

The method was originally described by Morgan et al. (1979). change irl,,, gives a measure of the relative binding strengths.
Briefly, ethidium binds well to poly(dTpoly(dA)poly(dT) in 2 mM As well, for a triplex to duplex transition, thE,, will increase
MgCl,, which is required for triplex stability (Morgan et al. 1979;  if the drug binds to the triplex in preference to the duplex
removed from the DNA and the level of binding can be estimated poly(dT)poly(dA)poly(dT) the firstT,, is for the melting of

from the drop in fluorescence. With emission at 590 nm and excita- . PN
tion at 510 nm, the fluorescence ofufy/mL ethidium was measured the triplex to duplex plus a pyrimidine stranﬁirf). On the

in 2 mL of a buffer of 2.5 mM Tris HCI, pH 8.0, with 2 mM Mggl ~ ©ther hand, for poly[d(TC)poly[d(GA)] the first transition

The DNA concentration (in nucleotides) wagu¥ for the triplex represents the melting (or dismutation) of duplex to triplex
poly(dT)poly(dA)Poly(dT) and 5uM for the duplex poly[d(AT)]. plus a purine strandr(,?) and the second,, is the melting of
Serial additions of a concentrated solution of the polyamine were the triplex to single strandsT(3) (Lee et al. 1984; Hampel
made and the fluorescence was measured after 1 min, which waset al. 1991; Lee et al. 1993). It should be noted that aggrega-
found to be sufficient time to reach equilibrium. The total polyamine tion would have resulted in anomalous values for absorbance
added did not exceed 56l and thus, no correction was made for gt 260 nm A0, which were not observed under the condi-
?llutlofn. Tlhe initial quorfsS(éche waﬁ t;l(l)(;nleas 100%. The cpncentrla- tions of these experiments.

ion of polyamine required to reac o fluorescence is inversely  Tha effect of 3-3-3 and 3-3-3-3 on te. of polvId(TC)IC
proportional to the binding constant (Morgan et al. 1979). poly[d(GA)] is shown in Fig. 2. As the cﬁcenﬁraggn( of %}_3_3
T-loop formation increased, th@,2 (owing to melting of the triplex) increased
Plasmid pKHa3PYL/PUL contains two separated asymmetrical BY UP to 17°C and there was also some increase in the hyper-
pyrimidine—purine tracts, which can form a transmolecular triplex Chromicity of the transition. Particularly atuiM of 3-3-3 the

with each other (Hampel et al. 1994; Lee et al. 1995). Nicked (OC) triplex transition appeared to be biphasic or at least very broad.
plasmid was prepared hyirradiation at 1500 rad (1 rad 10 mGy) As discussed by McGhee (1976), this does not necessarily
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Fig. 2. The effect of 3-3-3 and 3-3-3-3 on the thermal denaturation
profile of poly[d(TC)]poly[d(GA)]. The % hyperchromicity is
defined as 10Q¢, — initial Ayg/(initial Aygg). For clarity each

curve has been offset by 10%. The total change in hyperchromicity
is about 40% for melting of this triplex and is independent of
polyamine. The DNA was melted in the presence of 0, 1, 2, and 3
UM of the polyamine as indicated,,? andT,2 refer to the melting

of the duplex and triplex, respectively.
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imply cooperative binding but is often observed even for sim-
ple intercalators. In contrasT,,?> (owing to melting of the
duplex) increased by only 3°C atgvl 3-3-3 and the magni-

Biochem. Cell Biol. Vol. 75, 1997

melting was not complete, the value B could be estimated
assuming that the total hyperchromicity was about 40% and
independent of polyamine concentration.) AboveN of
3-3-3-3 there was no discernible first transition, and therefore
the pentamine is a very strong promoter of triplex formation.

The profile for 3-3-3 is typical of the other tetramines and
that for 3-3-3-3 is typical of the other pentamines. In all cases
theAT,, for the duplex transition was less than 4°C and for the
triplex the results are summarized in Table 1. In the tetramine
series of compounds, spermine gave the largest incredge in
but amongst the bisethylated compounds BE-3-3-3 was the
most effective and had a high&fT,, than 3-3-3. In the pen-
tamine series, 3-3-3-3 had the greatest increadg, inut that
for BE-3-3-3-3 was smaller than for both 4-4-4-4 and BE-4-4-
4-4. Thus, it is very difficult to discern any obvious trends in
these results except that the pentamines always have a higher
AT, than the tetramines.

Similarly, the effect of the polyamines on the, of
poly(dT)poly(dA)poly(dT) and poly(dA)poly(dT) was as-
sessed and the results are summarized in Table 2. Under these
conditions, no triplex transition was observed in the absence
of polyamines. Thus, for example, BM spermine was re-
quired to promote triplex formation whereas this occurred at
1 uM for the bisethylated derivative. Similarly, BE-3-3-3 was
more effective than 3-3-3 but 4-4-4 promoted triplex forma-
tion at 5uM whereas BE-4-4-4 did not. As expected for the
pentamines, the increases Ty, values for both duplex and
triplex were larger. All of them promoted triplex formation at
1 pM and 3-3-3-3 gave the largest increasé& ipas was found
for the poly[d(TC)Jpoly[d(GA)][poly[(C*T)] triplex.

Another rapid method for assessing binding to DNA was to
measure the loss of binding of ethidium as a function of added
competitor. As shown in Fig. 3 for 4-4-4-4, 3-3-3-3, spermine,
3-3-3, and BE-3-3-3, the polyamines compete with ethidium
for binding to poly(dT)poly(dA)poly(dT) at millimolar con-
centrations but there is 50-fold range in their effectiveness.
The concentration required to give 50% fluorescence is in-
versely proportional to the binding constant, and thus relative
binding constants can be calculated with spermine given the
value of unity. These are listed in Table 3 together with results
for poly[d(AT)] also in a buffer containing 2 mM MgGl It
was not possible to compare the binding to duplex poly(dT)
poly(dA) because the binding of ethidium was too weak in the
presence of 2 mM MgGlI Similarly, ethidium did not bind to
the poly[d(TC)Jpoly[d(GA)]poly[d(CT)] triplex (Lee et al.
1984). As expected, the pentamines were better competitors
than the tetramines. For poly(dpply(dA)poly(dT), bisethy-
lation significantly reduced the relative binding constant com-
pared with the unmodified compound. This was not the case
for poly[d(AT)], for which only BEspermine had a binding
constant lower than the unmodified compound. For both DNAs,
it is interesting that spermine had the highest binding constant
of the tetramines and that of 4-4-4-4 was higher than that of
3-3-3-3. Therefore, the spatial distribution as well as the total
charge is important for determining the strength of binding.

If triplexes are present within chromosomes, then they may

tude of the hyperchromicity decreased. Thus, as with spermineform between separated pyrimidine—purine tracts (Burkholder

described previously, 3-3-3 preferentially bound to the triplex
and promoted dismutation of duplex to triplex. For the pen-
tamine 3-3-3-3 (Fig. B) the change inT,;2 was even more
pronounced and increased by 26°C guM. (Although the

et al. 1988, 1991). This process can be mimicked in a plasmid
such as pKHa3 PYL/PUL, which will form a transmolecular
triplex or T-loop at low pH in the presence of polyamines
(Lee et al. 1995). Since T-loops have an altered mobility their
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Table 1. Effect of polyamines on th&,, of triplex poly[d(TC)]poly[d(GA)]poly[d(C'T)].

Concn. (iM) Spermine  BEspermine  3-3-3 BE-3-3-3  4-4-4  BE-4-4-4 3-3-3-3 BE-3-3-3-3  4-4-4-4 BE-4-4-4-4

0 71 70.5 70 70.5 70 70.5 70.5 71 70 70.5
1 78.5 78.5 79.5 81 79 80 82.5 80.5 81 83.5
2 86 83.5 85 86.5 85 85 93 88.5 89 89.5
3 90.5 88 87.5 90 88 89 96.5 915 94 94

Table 2. Effect of polyamines on th&,, of poly(dA)2poly(dT) and poly(dAjpoly(dT).

Concn. Spermine  BEspermine 3-3-3 BE-3-3-3 4-4-4 BE-4-4-4  3-3-3-3 BE-3-3-3-3  4-4-4-4  BE-4-4-4-4
m™ T T2 T T2 TS T2 T T2 T4 T2 TS T2 TS T2 TS T2 OTY T2 T T2

0 — 527 — 583 — 525 — 527 — 534 — 5385 — 525 — 532 — 532 — 53

1 — 57 574 665 — 585 — 626 — 61 — 62 60 738 57 70 545 62.2 554 61
2.5 — 62 629 687 — 635 626 67 — 691 — 69.2 709 8.4 60 706 629 753 65 75
5 69.5 72 —  771* — 73 655 741 686 787 — 744 — 894 — 753* 76.1 86.7 81 83

Note: —, no triplex DNA melting was observed.
*Both triplex and duplex melting temperatures merged into a siliglendicating the melting of triplex DNA to single strands.

Table 3. Relative binding constants measured by ethidium competition method.

DNA Spermine  BEspermine 3-3-3 BE-3-3-3 4-4-4 BE-4-4-4 3-3-3-3 BE-3-3-3 4-4-4-4 BE-4-4-4-4
Poly(dA)2poly(dT) 1 0.68 0.43 0.22 11 0.65 2.9 1.9 10 6.2
Poly[d(AT)] 1 0.65 0.72 0.57 3.2 3.2 5.7 5.7 46 43

Fig. 3. Ethidium competition assay. Upon addition of polyamine, tions were required (40QM), although the level of T-loop

the ethidium is released from the DNA and the fluorescence formation was similar. For the pentamine 4-4-4-4, some T-
decreases), 4-4-4-4;01, 3-3-3-3;0, spermine®, 3-3-3; loops were formed at only 1M and at the optimal concen-
M, BE-3-3-3. The concentration of polyamine at 50% fluorescence tration of 16uM the majority of the DNA had been converted
is inversely proportional to the binding constant. to T-loops. The other pentamine 3-3-3-3 formed T-loops at
120 : : : : even lower concentrations (#M) but the percentage conver-

sion was very poor (as judged from the smear migrating ahead
of the linear band) and precipitation of the DNA occurred

w 1oor ] above 6uM. Thus, the level of T-loop formation was depend-
O ent on the spatial distribution of the charges in the polyamine.
E 80 F . The results for the other analogues are summarized in Table 4.
0 In general, bisethylation is less important than total charge in
n promoting T-loop formation.
7] 60 T
o
g Discussion
i 40 It has been suggested that polyamines might be useful secon-
dary ligands for antigene strategies involving triplex formation
¥ 201 AN i (Thomas and Thomas 1993). The polyamines could be used as
free ligands or attached to the end of the oligonucleotide or
0 L L L L possibly to the 5position of pyrimidine bases (Barawkar et al.
0.001 0.01 0.1 1 10 100 1996; Tung et al. 1993). Several benefits can be envisaged,
POLYAMINE (M) including increased resistance to nucleases, increased cellular

uptake by decreasing the net charge, and increased triplex

formation and stability at the target sequence. It has been

shown previously that spermine is more effective than sper-
formation can be assessed by agarose gel electrophoresisnidine in stabilizing triplexes (Hampel et al. 1991); therefore,
Therefore, the ability of the polyamine analogues to promote higher analogues such as the pentamines 3-3-3-3, BE-3-3-3-3,
T-loops was assessed (Fig. 4). For spermine, T-loops becamet-4-4-4, and BE-4-4-4-4 might be yet more successful in pro-
evident at a concentration of 0/ and about 30% of the open  moting triplex formation. From the results presented above
circles were converted to the faster mobility form. At concen- this would indeed appear to be the case. As a group the pen-
trations above 5QM, precipitation occurred and not all of the  tamines increased thg, of both poly(dT)poly(dA)poly(dT)
DNA entered the gel. For spermidine, much higher concentra- and poly[d(TC)Ipoly[d(GA)]poly[d(C*T)] triplexes to a
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Fig. 4. Polyamine-induced formation of T-loops in pKHa3PYL/PUL assessed by electrophoresis in agarose gels. The mobility of the T-loops

is slightly faster than the linear (L) and open circular (OC) forms of the plasmid. The supercoiled (SC) DNA has the highest mobility and the
open circular dimers are the slowest. In each gel, lanes 1-9 have increasing concentrations of polyamine (shown at the top of the gel), lane 10
is a linear standard, and lane 11 contains molecular weight markers.
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greater extent than the tetramines (Tables 1 and 2). The relativéncreasing thé,, of triplexes. These results indicate the inter-
binding constants to poly(dTdoly(dA)poly(dT) were also play of ionic and structural effects in polyamine—DNA inter-
higher than those of the tetramines by about an order of mag-actions and polyamine-mediated triplex DNA stabilization.
nitude (Table 3). Similarly, the pentamines induced T-loop ~ For the tetramines, the different assays suggest different
formation at 2- to 5-fold lower concentrations. However, trends. For example, the relative binding constant for BEsper-
structural specificity effects were exerted by the pentamines: mine is lower than that of spermine, yet BEspermine induces
3-3-3-3 gave the largest increaseTip of both triplexes but  the formation of poly(dTpoly(dA)poly(dT) at a concentra-
4-4-4-4 had the highest relative binding constant. As well, tion of 1 uM compared with 1M for spermine. This pattern
4-4-4-4 formed a higher percentage of T-loops, although this is also found with BE-3-3-3 and 3-3-3. Of course, the two
occurred at a higher concentration than for 3-3-3-3. BE-3-3-3-3 assays are measuring different properties. Trhassay is meas-
was less effective than 3-3-3-3 in all three types of assay uring the ability of the polyamine to influence the equilibrium:
whereas BE-4-4-4-4 was as good as or better than 4-4-4-4 in poly(dA)poly(dT) + poly(dT) == poly(dT)poly(dA)poly(dT)
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Therefore, the strength of binding of the polyamine to the
duplex and poly(dT) is important whereas the ethidium com-
petition assay only involves binding of the polyamine to the
triplex. On the other hand, thE, assay may be more repre-
sentative of the situation in vivo where both duplexes and
single-stranded nucleic acids will be present.

Previous determinations of association constants of poly-
amine binding with double-helicaK() and single-stranded
(K, calf thymus DNA showed a 100- to 500-fold difference
betweenK,, andK, values; the duplex DNA had a higher af-
finity for polyamines than single-stranded DNA (Basu et al.
1990). The difference betwed§), and K, roughly correlates
with the increased negative charge density of duplex DNA
compared with that of single-stranded DNA: the linear charge
spacing of duplex and single-stranded DNA is 4.3 and 1.7 A
(1 A=0.1 nm), respectively. Polyamine—triplex DNA associa-
tion constantsK,) have not as yet been estimated; however,
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Table 4. Concentration of polyamine
required for the formation of T-loops.

Polyamine Concentratiopu)
Spermine 30
Spermidine 400
BEspermine 20
3-3-3 20
BE-3-3-3 20
4-4-4 25
BE-4-4-4 30
3-3-3-3 4
BE-3-3-3-3 10
4-4-4-4 10
BE-4-4-4-4 12

on the basis of the decreased charge spacing (1.1 A) of this

form of DNA structure, imposed by the association of the third
strand of DNA onto the major groove of the duplex DNA, a
stronger association of polyamines to triplex DNA than that to

duplex and single-stranded forms could be expected. In gen-

eral the relative binding constants of bisethylated polyamines
are lower than that of their unethylated parent compounds
(Table 3), suggesting that steric hindrance of the bulky ethyl
groups on the pendant amino groups may play a role. Similarly
the K, values of bisethylated polyamines are 10-50 times lower

than those of their unethylated analogs, further suggesting the.

importance of steric factors in polyamine—DNA interactions
(Basu et al. 1990). Plum and Bloomfield (1990) also reported

that when a methyl group is substituted at one of the pendant

amino groups of spermidine th§, is 4 times lower than that

of spermidine. These reports indicate that substitution of ethyl
or methyl groups on the pendant amino groups of polyamines
affects their binding affinity to duplex DNA and is consistent
with our findings, as presented in Table 3.

Singleton and Dervan (1993) attempted to analyze the ionic
effects in the association constants of oligonucleotide-directed
triplex formation at single DNA sites in the presence of' Na
Mg?*, and spermirfe using the counterion condensation the-
ory developed by Manning (1978) and Record et al. (1978).
Wilson and Bloomfield (1979) and Thomas and Bloomfield
(1983) modified and utilized this theory to explain polyamine-
and Co(NH)**-mediated collapse of DNA. According to this
theory, counterion binding is explicitly considered only as de-
localized binding of point-charge ligands in the negative field
of polyion backbone. However, polyamines are cations with

4-4-4 K, = 1.1) compared with 3-3-X(, = 0.43) and of 4-4-
4-4 K, =10) compared with 3-3-3-3( = 2.9), as determined
from the ethidium competition method (Table 3). Steric ef-
fects are demonstrated by a 2-fold decrease in the relative
binding constants of bis(ethyl)polyamines to triplex DNA com-
pared with their unsubstituted parent molecules. Interestingly,
these steric effects are negligible in the binding of polyamines
to the duplex form of poly[d(AT)] (Table 3).

The structural effect of polyamine binding to triplex DNA
is less evident in the polyamines’ efficacy in provoking T-loop
formation (Table 4) and stabilizing triplex and duplex struc-
tures (Tables 1 and 2). In both of these cases 3-3-3-3 is the
most efficient molecule, inducing T-loop formation ap
concentration and stabilizing triplex DNA to &, of 95.5°C
for poly[d(TC)]ipoly[d(GA)]poly[d(C'T)] and 89.4°C for
poly(dT)poly(dA)poly(dT). Bisethylation had no major ef-
fect on the relative ability of different polyamines to stabilize
triplex DNA. Cation charge and structural effects were thus
exerted to different degrees if,, T-loop formation, and
polyamine—DNA association, suggesting multiple modes of
polyamine—DNA interactions, as mentioned in the introduc-
tion (Feuerstein et al. 1986; Egli et al. 1991; Dickerson and
Drew 1981; Tari and Secco 1995).

In conclusion, we determined the effects of a series of higher
valent polyamines on triplex DNA stabilization in a model
system involving disproportionation of polynucleotides and
direct binding of a polynucleotide to duplex DNA. We also
determined the effects of these polyamines on T-loop forma-

definite structure and different charge separation and chargetion using plasmid DNA that could undergo transmolecular
density, dependent on the chemical structure of the molecule.triplex DNA formation. Our results suggest that pentamines
If all bonds are in théransconformation in these polyamines, are more efficacious than tetramines in increasingTfef

the charge separation between the amino and imino nitrogengriplex DNA and T-loop formation, although structural ef-
in the three methylene parts of the molecules is 4.97 A (e.g., fects are clearly evident. Bisethylation has only a minor
3-3-3-3). This distance becomes 6.25 A between the aminoeffect on theT,, of pyrimidine—purine—pyrimidine triplex
and imino nitrogen when separated by a tetramethylene bridg-DNA formation; however, steric hindrance imposed by the
ing region (e.g., 4-4-4-4). Some bending back of these mole- ethyl substitution decreases the relative association con-
cules could also be expected, depending on the length of thestants of the polyamines with triplex and duplex forms of
molecule as well as the length of the methylene bridge. In poly(dT)poly(dA)poly(dT) and poly[(dAT)], respectively.
molecular models considered by Feuerstein et al. (1986), theThese results might be important in the design of suitable
tetramethylene bridging is amenable to make intermolecular ligands to stabilize triplex DNA in antigene therapeutics and
hydrogen bonding contacts between DNA phosphate groups.to elucidate the mechanism of action of polyamine analogs
This would explain the higher relative binding constants of as antitumor drugs.
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