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ABSTRACT: The HER-2 gene is overexpressed in a subset of breast, ovarian, lung, and pancreatic cancers.
Antisense oligonucleotides suppress gene expression depending on the stability of tHeNDIN#ybrids

formed at the target site. Polyamines, the cellular cations that interact with DNA and RNA, may influence
hybrid stability in the cell. Therefore, we studied the ability of natural polyamines (putrescine, spermidine,
and spermine) and a series of their structural analogues to stabilizeRN¥\and RNARNA duplexes

using melting temperaturd {) measurements and circular dichroism (CD) spectroscopy. Phosphodiester
(PO) and phosphorothioate (PS) oligonucleotides (ODNSs) (15 nucleotid€3,GCATGGTGCTCAC-

3) targeted to the initiation codon region of the HER-2 mRNA, and complementary RNA and DNA
ODNs, were used in this study. The relative order of thermal stability was as follows: - RINIA >
PO-DNA-RNA > PO-DNA-PO-DNA > PS-DNA-RNA > PS-DNA-PO-DNA > PS-DNA-PS-

DNA. The ability of polyamines to stabilize the duplexes improved with the cationicity of the polyamine,
with hexamines being more effective than pentamines, which in turn were more effective than tetramines
and triamines. However, chemical structural effects were clearly evident with isovalent homologues of
spermidine and spermine. CD spectra showed B and A conformations, respectively, for the DNA and
RNA helices. DNARNA hybrids adopted an intermediate structure between the B and A forms. These
data help us to understand the role of endogenous polyamines i RN hybrid stabilization, and
provide information for designing novel polyamines to facilitate the use of antisense ODNSs for controlling
HER-2 gene expression.

Human epidermal growth factor receptor-2 (HER-2), a 2-overexpressing breast tumors, although there are reports
proto-oncogene, is amplified and overexpressed in3 of treatment-related cardiotoxicit¥,(5). Several laboratories
of breast tumors 1{ 2). The HER-2 positive status is are investigating the use of sequence-specific ODigs
associated with invasive disease, resistance to traditionalinhibit the transcription and translation of the HER-2 gene
therapeutic strategies, an increased relapse rate, and decreaségt-8).
survival. Herceptin is a humanized monoclonal antibody Antisense ODNs refer to single-stranded DNA or RNA
targeted to the HER-BEu (neubeing the rat equivalent of  motifs that prevent the expression of a target gene by
the human gene) gene product, p18p Herceptin is used interfering with the translation of the mRNA). Some of
alone or in combination with chemotherapy to treat HER- the proposed mechanisms of action of antisense ODNs are
(i) physical inhibition of the translation machinery, (ii)
i s St by NI Gty CASDLES, CATSOS, bl of the binding of tanslaional factors, and (i)
Award (BGTR 01.742). Rleavage of the RNA in the DNARNA hybrid by RNAseH,
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an enzyme that digests the RNA strand bound to the ODN
(10). However, several practical difficulties have to be
overcome to realize the potential benefits of antisense ODNSs.
These barriers include degradation of the ODN by nucleases,
inefficient cellular uptake of the ODN and its nuclear
transport, competition between specific target sites and
nonspecific sites, and the stability of the DNRNA hybrid
under cellular ionic and pH conditiong1—14). There have
been many attempts to overcome these difficulties with
varying degrees of succesEx-17).

One of the most efficient structural modifications for
increasing the nuclease resistance of ODNs is the replace-
ment of an oxygen atom with a sulfur atom in the DNA
backbone 18). The resulting phosphorothioate (PS) ODNs
retain sequence-specific base pairing and are more resistant
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to cellular phosphodiesterases compared to phosphodiester 3333 “zN\/\/E\/\/ AN N,
(PO) ODNSs, and elicit RNaseH activity when complexed 3443 HN AN A SN,

with RNA (14, 15). However, the thermodynamic stability 3-3-3-3-3: HZNV\/“\/\/N\/\/H\/\J NH,

of the hybrids formed from PS-bound ODNs (PSDNSs) 34-343: “zN\/\,n\/\/\u/\/\u/\/\/ A,
is lower than that formed from the PO-bound ODNs (PO seass N M NN

ODNSs) @9). This is a major disadvantage of PODNS, as BE43: N N A~y

effective antisense activity depends on the stability of the BE-3-3:3.3: \/n\/\/n\/\/ﬂ\u/\/ﬂ\/\/ﬂ\/

DNA-RNA hybridsin vivo. Positively charged counterions
might help to stabilize these DNRNA hybrids by neutral-
izing the negative charge on the DNA or RNA phosphate
groups. Among the positively charged molecules present in 1,15-diamino-4,11-diazapentadecane (3-7-3), 1,16-diamino-
the cellular environment, polyamingputrescine [HN(CH,)4- 4,13-diazahexadecane (3-8-3), 1,15-diamino-4,8,12-triaza-
NH,], spermidine [HN(CH,)sNH(CH,),NH;] and spermine  pentadecane (3-3-3-3), 1,17-diamino-4,8,14-triazaheptade-
[HoN(CH,)sNH(CH,)4NH(CHy)sNH,]} are unique in their ~ cane (3-4-4-3), 1,19-diamino-4,8,12,16-tetraazanonadecane
prevalence and functior2(). Polyamines stabilize DNAand ~ (3-3-3-3-3), 1,21-diamino-4,9,13,18-tetraazahenicosane (3-
RNA duplexes and DNARNA hybrids @1—23). However,  4-3-4-3), bis(ethyl)norspermine (BE-3-3-3), 1,15-bis(ethyl-
a systematic investigation of the effectiveness of polyamines amino)-4,8,12-triazapentadecane (BE-3-3-3-3), and bis(eth-
on the stability of DNARNA hybrids, especially those Yl)spermine (BE-3-4-3). The purity of synthetic compounds
containing therapeutically important antisense oligonucleo- was determined by elemental analysis, NMR, HPLC, and
tides, is lacking at present. mass spectrometry. The chemical structures of natural and
We studied the ionic and structural effects of polyamines SYNthetic polyamines are shown in Figure 1. Polyamine
on DNA-RNA hybrid stability using melting temperature analogue stock solutions (50 mM) were prepared in sterile,

(T) measurements. Several novel polyamine analogues Weréiouble-Qistilled water and appropriate diIuti_ons made in 10
synthesized, and their ability to alter the thermal hetixwil mM sodium cacodylate buffer [10 mM sodium cacodylate

transition temperature of the duplexes was determined. The(PH 7-4) and 0.5 mM EDTA] prior to use. _
DNA part of the DNARNA hybrid is either a PS or a OllgonucleqtldesAll ODNSs were purchased from_Qllgos,
PO-ODN. Our results show that polyamines can stabilize Etc- (Wilsonville, OR). These were HPLC/gel purified and

DNA-RNA hybrids in a concentration- and structure- characterized by gel electrophoresis and/or capillary elec-
dependent manner. trophoresis. The sequence of the ODNs used in this study is

presented in Table 1. The RNA ODN is a part of the initiation
codon of the HER-2 mRNA. The ODNs were dissolved in
10 mM sodium cacodylate buffer and aliquots stored a0
PolyaminesPutrescin2HCI, spermidine3HCI (3-4), and °C until they were used. At the time of experiment, aliquots
sperminedHCI (3-4-3) were purchased from Sigma Chemi- were thawed and absorbance was measured at 260 nm using
cal Co. (St. Louis, MO). The structural homologues and a Beckman DU640 spectrophotometer.
analogues of spermidine and spermine were synthesized by DNA-RNA, DNA:DNA, and RNARNA duplexes were
procedures described previousB4{-27). All polyamines prepared by mixing complementary ODNs in a 1:1 molar
are abbreviated by a numbering system, representing theratio in 10 mM sodium cacodylate buffer in the presence or
number of methylene (CHigroups between the primary and absence of appropriate concentrations of polyamines. For
secondary amino groups. For example, 3-4 isy(TQH,)s- studies on the effect of the increased salt concentration on
NH(CH,)4sNH,. Synthetic polyamines used in this study were the stability of the hybrids, 140 mM NaCl was added to 10
1,6-diamino-3-azahexane (3-2), 1,7-diamino-4-azaheptane (3-mM sodium cacodylate buffer or 150 mM KCI was added
3), 1,9-diamino-4-azanonane (3-5), 1,11-diamino-4-azaun-to 1 mM sodium cacodylate buffer. The duplex/polyamine
decane (3-7), 1,12-diamino-4-azadodecane (3-8), 1,10-mixtures were vortexed for 10 s, heated in a boiling water
diamino-4,7-diazadecane (3-2-3), 1,11-diamino-4,8-diaza- bath for 10 min, allowed to equilibrate at room temperature
undecane (3-3-3, norspermine), 1,13-diamino-4,10-diaza-(22 °C), and left at this temperature to attain equilibrium
tridecane (3-5-3), 1,14-diamino-4,11-diazatridecane (3-6-3), for 16 h beforeT,, measurements were taken.

Ficure 1: Chemical structures of the natural and synthetic
polyamines used in this study.

MATERIALS AND METHODS
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Table 1: Nucleotide Sequences of ODNs Used in This Study

oligonucleotide nucleotide sequence extinction coefficient (M* cm™)
antisense PODNA/PS—DNA 5'-CTCACTGGTGCTCAC-3 130 300
antisense RNA '5CUCCAUGGUGCUCAC-3 126 100
complementary PODNA/PS—DNA 5'-GTGAGCACCATGGAG-3 151 400
complementary RNA '5GUGAGCACCAUGGAG-3 148 800
complementary RNA (mismatch 1) -BUGAGCCCCAUGGAG-3 143 600
complementary RNA (mismatch 2) -BUGAGCCACAUGGAG-3 148 800
complementary RNA (mismatch 3) -BUGAGCCAGAUGGAG-3 152 550

aThe underlined bases in the RNA strands indicate mismatch bases, compared to the antisense DNA.

. 1.30 1.30
Tm MeasurementsT,,, measurements were carried out as PO-DNA.RNA PO-DNA.PO-DNA

described previously2@, 24). The Ty, block contained six :zz :;:
cells, each with a volume 0f0.35 mL, of which the first 1'15 2 i 1'15
was filled with buffer and used as a blank. The measurements 10
were carried out at a heating rate of 0G/min, using a 1:05
Beckman high-performance temperature controller, with the 1.00
absorbance and temperature recorded every 30 s. The-helix

coil transition temperature, which corresponds to half- 0'9520 30 40 50 60 70 800.9520 30 40 50 60 70
dissociation of the duplex, was calculated as Theafter e "0 T psONARNA 130 ™S DNAPS.DNA
pre- and post-transitional baselines had been constructedg 1.25
corresponding to 100 and 0% hybrid, respectiv@l®)( Tr, § —
values are the mean of three ot four measurements with ag ghecssy 1.15
reproducibility within 1°C. g 1.10

Circular Dichroism (CD) Measurement$he CD spectra § st
were recorded on an Aviv model 62DS circular dichroism £ 1.00 pesga,
spectrophotometer (Aviv Associates, Lakewood, NJ), fitted %% ==~~~ 0%
with a five-cell thermally regulated cell holder, and cells with  1.35 1.30
a path length of 1 cm. The molar ellipticity was calculated ~ 1.30{ RNARNA 125
using the equationd] = 6/cl, where 6 is the observed 1.20
ellipticity, c is the molar concentration of the ODN, ahi$ 1.15
the path length. CD spectra were recorded in three separate 1.10
experiments, and representative spectra are presented. 1.05 £,

1.00 poaBEESEY
RESULTS 0.95
30 40 50 60 70 80 90 20 30 40 50 60 70
Effects of Spermine on the Stability of DIRAA, DNA Temperaturs (*C)

DNA, and RNARNA Helices Figure 2 shows the melting FicUrRe 2: Melting profile of the PG-DNA-RNA, PS-DNA-RNA,
profiles of duplex helices in the absence and increasing PO DNA-PO-DNA, PS-DNA-PS~DNA, PS-DNA-PO-DNA,

. . . o and RNARNA helices. The concentrations of spermine that were
concentrations of spermine. The dissociation of the duplexes seq were 0@), 1 (0), 5 (¥), 10 (), 25 (), 50 @), and 100M

from single strands was seen as an increase in the absorbanq®). The T,, measurements were carried out in 10 mM cacodylate
at 260 nm, as the temperature increased from 20 t&0  buffer at a heating rate of 0.5/min for all the hybrid helices.

Compared to the other helices, the PODNA-PO—-DNA and

PS-DNA-RNA helices exhibited sharp cooperative melting diamine, putrescine to the hexamine, 3-3-3-3-3, and the
transitions as the temperature increased. The EFRMA results are presented in Table 2. This table also presents the
hybrid containing PSDNA eX'thI.ted. a ;harper.transmon ATy values (difference if, at 1004M polyamine andT,

than the PG-DNA-RNA hybrid, indicating a highly co- i, the absence of polyamine) to indicate the effectiveness
operative transition. of different polyamines in increasing thg, of the PO-

A concentration-dependent increase in Theof the PO- DNA-RNA hybrid. Among the polyamines, hexamines had
DNA-RNA helix was observed with increasing concentra- the strongest hybrid stabilizing ability, followed by pen-
tions of spermine. The PEDNA-RNA hybrid had aT, of tamines and tetramines. While 1M pentamines and
42.5+ 0.5°C in the absence of spermine (Table 2). Addition hexamines stabilized the hybrid withTa, of ~78 °C, the
of 100uM spermine increased thig, of the hybrid to 73.9 T, of the hybrid helix was only 52C in the presence of
°C. To measure the effectiveness of spermine in increasing100 uM putrescine. Thus, the relative hybrid stabilization
the Tm, we further determined Td/d(log[spermine]) by  effect of polyamines followed this order: hexamines

plotting T, against log[spermine] (Figure 3). Th&gld(log- pentamines> tetramine> triamine > diamine.

[spermine]) value for the PODNA-RNA hybrid was 13 The effect of polyamines on the stability of PONA-
(Table 4). This value is a quantitative measure of the ability RNA hybrid is summarized in Table 3. Figure 2B depicts
of spermine to stabilize the hybrid. the melting profile of the hybrid at different concentrations

The role of cationicity of polyamines in the stability of of spermine. Thel,, value of the PSDNA-RNA hybrid
the PO-DNA-RNA hybrid was next studied by measuring was~10 °C lower than that of the PODNA-RNA hybrid.
the Ty in the presence of different polyamines from the As in the case of the PEODNA-RNA hybrid, a concentra-
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Table 2: Effect of Polyamines on the Stability of the
PO-DNA-RNA Hybrid

Table 4: Slope Values ofTel/d(log[Spermine]) of the Different
Hybrids

[polyamine] Tm (°C)2 type of hybrid d/d(log[sperminep
(uM) Put Spd SpnP 3-4-4-3 3-3-3-P 3-4-3-4-F 3-3-3-3-F PO-DNA-RNA 13.04
0 427 42.9 431 427 422 42.0 42.0 PS-DNA-RNA 15.1
1 425 459 468 431 422 42.4 42.0 PO-DNA-PO-DNA 10.7
5 437 542 64.9 643 64.7 64.6 64.2 PS-DNA-PO-DNA 11.3
10 445 59.2 689 736 71.9 70.9 66.5 PS-DNA-PS-DNA 9.6
25 46.9 63.7 723 74.8 75.9 76.6 75.2 RNA-RNA 8.59
1"38 &53;}1 ggi ;gg ;ES_)Z ;gi ;?3; ;g; a dT/d(log[spermine]) values were determined from the slopes of
) ) ' ' ) ) ’ Tm Vs log[spermine] plots (Figure 3).
ATy 9.7 255 30.8 324 35.9 36.7 36.7

aThe T, measurements were conducted in a buffer containing 10
mM sodium cacodylate (pH 7.4) and 0.5 mM EDTA. The reproduc- .
ibility of the T, values wast1 °C for three or four measurements. {0 that of the PG-DNA-RNA hybrid.

b Abbreviations: Put, putrescine; Spd, spermidine; Spm, spermine. To evaluate the effect of antisense ODN binding to
Synthetic polyamines are abbreviated by a number system indicating mismatch RNA targets, we conduct@g measurements on
the number of_methylene—(CHz—) groups between the primary and  po_pNA and PS-DNA ODNSs hybridized to RNA ODNs
secondary amino groupSATm = Tmaooum) - Ty WhereTmqoom with one, two, or three mismatch nucleotides. (These hybrids
is the T, of the PG-DNA-RNA hybrid in the presence of 100M ! e . y
polyamine andm)is the Ty, of the hybrid in 10 mM sodium cacodylate ~ are represented in the text asPDNA/PS-DNA-RNA M1,
buffer, in the absence of polyamine. PO-DNA/PS-DNA-RNA M2, or PO-DNA/PS—-DNA-
RNA M3, respectively.) In the absence of any polyamine,

efficacy of polyamines in stabilizing this hybrid was similar

90 the T, values of PG-DNA-RNA M1, PO-DNA-RNA M2,

80 and POG-DNA-RNA M3 hybrids were 28.4, 23.7, and 21.7

20 °C, respectively, compared toTg, value of 42.5°C for the
o PO-DNA-RNA hybrid without any mismatch base pairs.
Q ©0 In the presence of 100M spermine, T, values of the three
lf 50 mismatch hybrids were 58.7, 53.8, and 478 respectively.

40 However, thel, values were 15, 20, and 26, respectively,

30 lower than that of the PEODNA-RNA hybrid without any

20 mismatch in the presence of 108 spermine. Th&, value

50 100
Concentration of spermine [uM]

Ficure 3: Plots of Ty, vs log[spermine] showing the ability of
spermine to increase tfig, of the PO-DNA-RNA (®), PS-DNA-
RNA (O), PO—DNA-PO-DNA (¥), PS-DNA-PS-DNA (Vv),
PS-DNA-PO—DNA (m), and RNARNA hybrids @).

1 5 10 25 of PS-DNA-RNA M1 in the absence of spermine was 25
°C, and theT,, increased to 51.4C in the presence of 100
uM spermine. However, this increase in fhgwas 16.2°C
smaller than that of the PEDNA-RNA hybrid without any
mismatch T, = 67.6°C (Table 3)]. There was no coopera-
tive melting profiles in the case of P®ONA-RNA M2 and
PS-DNA-M3. Taken together, these results show that the
hybrid stability was reduced remarkably with the introduction
of a mismatch base in the target RNA, and the increase in
T of mismatch hybrids is much lower than that of the hybrid
with perfectly complementary bases.

We next conducted;, measurements of PEDNA-PO—

Table 3: Effect of Polyamines on the Stability of the
PS-DNA-RNA Hybrid

Tm (°CP?
Put Spd SpnP 3-4-4-3F 3-3-3-3 3-4-3-4-% 3-3-3-3-F

[polyamine]
(M)

0 331 334 336 336 340 335 335
1 349 37.8 376 339 34.0 33.0 335 DNA, PS-DNA-PS-DNA, PS-DNA-PO-DNA, and RNA
1?) gg-g gi-g 2(3)-; 2‘;-; Féf;-i gg-g 23(7) RNA duplexes in the presence of putrescine, spermidine, and
25 388 571 657 679 694 69.0 68.7 spermlne._F|gure 2 shows th_e meltl_ng profiles of_these
50 408 58.4 66.4 68.1 70.2 69.1 70.7 duplexes in the presence of increasing concentrations of
100 444 622 676 682 702 69.7 70.4 spermine. There was a 2€ reduction in thel,, of the PS-
ATe® 113 28.8 340 346  36.2 36.2 36.9 DNA-PS-DNA duplex compared to th&@,, of the PC-

2 The T,, measurements were conducted in a buffer containing 10 PNA*PO—DNA hybrid (Table 5). Thel, value of the PS
mM sodium cacodylate (pH 7.4) and 0.5 mM EDTA. The reproduc- DNA-PS-DNA hybrid (26.5 °C) was also significantly
ibility of the Ty, values wast1 °C for three or four measurements.  lower than that of the PSDNA-RNA hybrid (33.6°C). The

® Abbreviations: Put, putrescine; Spd, spermidine; Spm, spermine. pS—-DNA-PO-DNA helix, which comprised the modified
Synthetic polyamines are abbreviated by a number system indicating

the number of methylene-CH,—) groups between the primary and
secondary amino group$ATy = Tmooumy — Tm), WhereTmoo um)

is the T, of the PS-DNA-RNA hybrid in the presence of 100M
polyamine and'mq is the Ty, of the hybrid in 10 mM sodium cacodylate
buffer, in the absence of polyamine.

antisense ODN and its complementary sequence, Hgag a
intermediate between thg, of PO—DNA-PO-DNA and
PS-DNA-PS-DNA hybrids.

As in the case of other helices, 100 spermine increased

the Ty, of the PS-DNA-PO—DNA hybrid from 32 to 54.9
°C. The RNA duplex had a highdi, value than that of the
DNA-DNA duplex and DNARNA hybrid (Figure 2 and
Table 6). The stability of the RNA duplex increased with
spermine in a concentration-dependent manner, witif,a

of 27.1°C at 100uM spermine. The pentamine 3-4-4-3 and

tion-dependent increase in thig was observed with increas-
ing concentrations of polyamines. Thé.dd(log[spermine])
value was 15.1 (Table 4). AT, of 34 °C was observed in
the presence of 100M spermine (Table 3). The order of
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Table 5: Effect of Polyamines on the Stability of the PDNA-PO-DNA, PS-DNA-PS-DNA, and PS-DNA-PO—-DNA Hybrids

Tm (°C)?
[polyamine] PO-DNA-PO-DNA PS-DNA-PS-DNA PS-DNA-PO-DNA

M Put Spc Spn? Puf Spc SpnP Pub Spc Spn
0 39.9 40.1 40.5 26.0 26.5 25.8 32.3 32.1 31.9
1 41.2 41.3 41.5 26.0 27.4 25.8 32.3 33.0 32.4
5 42.0 46.6 52.2 26.0 31.0 35.3 32.9 37.9 41.3
10 42.5 49.8 56.3 26.5 33.0 38.8 32.9 40.4 45.8
25 43.9 53.8 60.5 27.0 37.4 42.3 34.3 44.9 50.4
50 45.9 56.5 61.5 29.9 40.4 43.9 36.4 47.4 52.4
100 48.4 59.5 63.0 32.4 42.9 45.0 38.9 50.4 54.9

ATye 8.5 19.4 22.5 6.4 16.4 19.2 6.6 18.3 23

aThe T, measurements were conducted in a buffer containing 10 mM sodium cacodylate (pH 7.4) and 0.5 mM EDTA. The reproducibility of
the Ty, values wast1 °C for three or four measurementsAbbreviations: Put, putrescine; Spd, spermidine; Spm, spermine. Synthetic polyamines
are abbreviated by a number system indicating the number of methyt&id,(-) groups between the primary and secondary amino gréupss,
= Tm(ooxmy — Tm() WhereTmaoo avy is the Ty, of the various DNADNA duplexes in the presence of 1281 polyamine andly ) is the T, of the
hybrid in 10 mM sodium cacodylate buffer, in the absence of polyamine.

Table 6: Effect of Polyamines on the Stability of the RINNA identical in the presence of 150 mM NaCl. Putrescine had
Duplex no major effect on the stability of the duplexes even at a
e B e T D et e
m values o . , . , an
(M) Puf_ Spd  Spnt 3$-4-43 34343 RNA helices by 5, 6, and 18C, respectively. However, the
2 gg; gg'g 2;'2 g’g'g gi'g effect of spermidine on th&, of DNA duplexes was only
5 587 678 758 797 78.7 marginal AT, = 2 °C). A similar trend was observed in
10 59.7 709 788 83.2 84.2 the presence of spermine. Thg values of the PO DNA-
25 609 748 825 87.2 N;D RNA hybrid increased by 10C in the presence of 1 mM
1%8 2}1'_3 ;g:g gi; Ng mg spermine, whereas th€T,, was 15°C for the RNA duplex.

Interestingly, spermidine and spermine had a higher stabiliz-

ATn’ 82 229 271 30.9 214 ing effect on RNA-containing duplexes compared to that of
2 The Ty measurements were conducted in a buffer containing 10 DNA-DNA duplexes.
mM sodium cacodylate (pH 7.4) and 0.5 mM EDTA. The reproduc- " -
ibility of the Ty, values wask1 °C for three or four measurements. Effect of K and Mg" on the Stability of DNARNA

b Abbreviations: Put, putrescine; Spd, spermidine; Spm, spermine. Hybrids. Since potassium is the major monovalent cation
Synthetic polyamines are abbreviated by a number system indicating present within the cells, we also conduclggdmeasurements

the ”“g‘ber of methy'ege;TCHz_T) groups bet"fen thﬁ priTmafy and  in the presence of 150 mM KCI. THe, values obtained for
naar min r = i — wher i Ly
csoenf)ci)s thae}ll',::Jl of thoechl)\leAF\-)RNAI:1 duplrg;g:?:?ﬁé prg(sot)e’nceeofe the(hﬁ?S?;est the PO._D.NA'RNA hybrid in the prgsenqe of KCI (60°T)
concentration of polyamine that was used aig) is the T of the were similar to theT, values obtained in the presence of
hybrid in 10 mM sodium cacodylate buffer, in the absence of polyamine. 150 mM NaCl (61.5°C). There was a near-identical trend
9 Not detected. Th&, measurements appeared to*#5 °C and could in the increase i, values of the P©DNA-RNA hybrids
not be determined in our study. in the presence of 150 mMK(72.2°C) or 150 mM N&
(72°C) in the presence of 1 mM spermine. Thgvalue of
hexamine 3-4-3-4-3 also increased Theof the RNARNA the PS-DNA-RNA hybrid was 51.2C in the presence of
duplex in a concentration-dependent manner. We were unablel50 mM K*. In comparison, thd, value was 54.2C in

to measurd, values above a critical concentration (&Rl the presence of 150 mM NaThus, the PSDNA-RNA
for 3-4-4-3 and 2%uM 3-4-3-4-3) because the RNRNA hybrid was slightly more stable in the presence of 150 mM
duplex melted at-95 °C. Na" than in 150 mM K.

The hybrid stabilizing effect of polyamines was also  To determine the effects of physiological concentrations
quantified by plottingT,,, against log[spermine] (Figure 3). of divalent cations on polyamine-mediated hybrid stability,
Slope values of these plotsTdd(log[spermine]), can be  we conductedT,, measurements of the PADNA-RNA
related to the efficacy of polyamines in stabilizing the hybrids hybrid in the presence of 2 mM Mggland 0-1 mM
(Table 4). Thus, spermine has the strongest stabilizing effectspermine. We obtained &, of 65.8°C in the presence of
on PS-DNA-RNA hybrid and the weakest effect on the Mg?* alone. TheT, value increased to 76 & (ATy, = 12
RNA-RNA duplex. °C) upon addition of 1 mM spermine. This result indicates

Effect of Nd on the Stability of the DN/RNA Hybrids that spermine and Mg acted in concert to increase thg
and DNADNA/RNARNA DuplexesNVe next determined the ~ Of the PO-DNA-RNA hybrid. A similar trend was also
effects of polyamines on thE, of hybrids at a physiologi- ~ found for the PSDNA-RNA hybrid. TheTn of the PS-
cally compatible ionic concentration of 150 mM NéTable DNA-RNA hybrid increased from 57.8C in the absence
7). There was a 26C increase in th&,, of PO-DNA-RNA of spermine to 69.7C in the presence of 1QdM spermine.
hybrids on addition of 140 mM NaCl, as compared to the  Effect of Bis(ethyl) Substitution on the Stability of the DNA
Tm of the hybrids in 10 mM sodium cacodylate buffer (Tables RNA Hybrid. Bis(ethyl)polyamine analogues are being
2, 3, and 5). In addition, th&,, values of the PODNA- developed as potential cancer therapeutic age&t8s (We
RNA hybrid and the PODNA-PO-DNA-duplex were nearly ~ examined how this structural change affected the ability of
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Table 7: Effect of Polyamines on the Stability of the Various Hybrids in the Presence of 150 miM Na

[polyamine] Tm (°CF
(mM) PO-DNA-RNA  PS-DNA-RNA PS-DNA-PO-DNA PO-DNA:-PO-DNA PS-DNA-PS-DNA  RNA-RNA
Putrescine
0 62.0 53.4 52.8 61.4 45.8 72.8
0.5 62.5 54.0 53.3 62.9 45.8 74.4
1 63.0 54.4 53.8 62.9 45.8 75.8
AT 1.0 1.0 1.0 15 0 3.0
Spermidine
0 61.9 53.4 52.4 60.9 44.9 73.9
0.5 65.0 57.9 53.4 62.0 45.9 78.9
1 67.5 59.5 54.4 63.0 46.9 82.4
ATn 5.6 6.1 2.0 2.1 2.0 8.5
Spermine
0 61.5 54.2 52.4 61.4 44.9 72.8
0.5 69.9 63.7 54.3 63.5 46.4 85.3
1 72.0 65.2 55.9 64.9 47.4 87.4
ATn 10.5 11 35 35 25 14.6

aThe T, measurements were carried out in 150 mM sodium cacodylate buffer (140 mM NaCl added to 10 mM sodium cacodylate buffer). The
reproducibility of theT, values wast1 °C for three or four measurementsATm = Tma mm) — Tm(oy WhereTma mwy is the Ty, of the various hybrids
in the presence of 1 mM polyamine afiigq) is the Ty, of the hybrid in 150 mM sodium cacodylate buffer, in the absence of polyamine.

Table 8: Effect of Polyamines and Their Analogues on the Stability of the PIQA-RNA and PS-DNA-RNA Hybrids

T (°CP?
[polyamine] 3-3-3 BE3-3-3 3-4-3 BE3-4-3 3-3-3-3 BE3-3-3-3
(uM) PS PO PS PO PS PO PS PO PS PO PS PO
0 337 420 335 418 336 418 334 427 340 422 336 421
1 350 429 350 427 376 468 353 425 340 422 336 421
5 550 639 494 608 534 649 506 584 589 647 335 424
10 61.0 675 564 638 609 689 574 634 674 719 343 434
25 640 710 614 668 657 723 614 661 694 759 540 629
50 660 725 621 682 664 730 622 685 702 753 602  67.1
100 680 744 636 693 676 739 637 700 702 781 642  70.8
ATy 343 324 371 275 34 321 303 273 362 359 306 287

aThe T, measurements were conducted in a buffer containing 10 mM sodium cacodylate (pH 7.4) and 0.5 mM EDTA. The reproducibility of
the T, values wast1 °C for three or four measurementsATyn = Tmeoo My — Tmeoy WhereTmeoo umy iS the T of the PO-DNA-RNA or PS-
DNA-RNA hybrid in the presence of 1QoM polyamine andTy o) is the Ty, of the hybrid in 10 mM sodium cacodylate buffer, in the absence of
polyamine.c PS and PO refer to P®DNA-RNA and PG-DNA-RNA hybrids, respectively.

polyamines to stabilize DNARNA hybrids. For this purpose, Tn, of these hybrids. Spermidinen (= 4) was the most
we conducted’, measurements in the presence of BE-3-3- effective trivalent polyamine to stabilize the hybrids, with
3, BE-3-4-3, and BE-3-3-3-3 (Table 8). For comparison, we AT, values of 26 and 20C, respectively, for PODNA-
have included thel,, values in the presence of the non- RNA and PS-DNA-RNA helices at 10uM spermidine.
(bisethyl)polyamines in Table 8. We obtained smooth melting The lower 6 = 2 and 3) and highern(= 5, 7, and 8)
profiles when absorbance was plotted against temperaturehomologues were less effective than spermidine in stabilizing
(figures not shown). The ability of bis(ethyl)polyamine the hybrids. This result shows that trivalent polyamines exert
analogues to stabilize DNRNA hybrids was lower than  structural specificity effects on stabilizing DNRNA hy-
that of the corresponding non-bisethylated polyamines. For brids.
example;Ty, values of the P©DNA-RNA hybrid were 74.4 In the next set of experiments, we studied the stabilizing
and 69.3°C in the presence of 10eM 3-3-3 and BE-3-3-3, effect of spermine homologues of the general structure
respectively. However, there was no significant difference H,N(CH,)sNH(CH,),NH(CH,)sNH,, wheren = 2—8, on the
in the hybrid stabilizing capacity of BE-3-3-3 and BE-3-4- T, of PO-DNA-RNA and PS-DNA-RNA hybrids (Figure
3. Although 3-3-3-3 stabilized the DNRNA hybrids to a 5). We found that the extent of stabilization of the PO
greater extent than 3-3-3, the stabilizing effects of BE-3- DNA-RNA hybrid by 3-3-3, 3-4-3, and 3-5-3 was compa-
3-3 and BE-3-3-3-3 on hybrid helices were comparable.  rable, with aTy, value of 74.4+ 0.1 °C, in the presence of
Structural Specificity of Spermidine and Spermine Homo- 100u«M homologues. As with spermidine homologues, the
logues in Stabilizing DN/ARNA Hybrids.To separate charge lower (h = 2) and higherrf = 7 and 8) spermine homologues
effects from structural effects of polyamines, we next were less effective than spermine in stabilizing the hybrids.
conductedT,, measurements of PEDNA-RNA and PS- This result further confirms the structural specificity effect
DNA-RNA hybrids in the presence of isovalent spermidine of isovalent polyamines.
and spermine homologues. Spermidine homologues had the CD Spectra of the Duplexes in the Presence of Spermine.
general structure #(CH)sNH(CH,)NH,, wheren = 2—8. DNA and RNA exist in the B and A conformations,
Figure 4 shows the effects of spermidine homologues on therespectively. However, DN/RNA hybrids are known to
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Ficure 4: (A and B) Structural specificity of spermidine homo-
logues on the PODNA-RNA and PS-DNA-RNA hybrid helices,

respectively. AllT,, measurements were carried out in 10 mM
sodium cacodylate buffer (pH 7.4). The concentrations of spermi- 20
dine homologues were 1@§, 25 ©), 50 (v), and 10QuM (V). n 10 ol
is the number of methylene groups on the variable arm of 220 240 260 280 300 320 340 220 240 260 280 300 320 340

spermidine. Wavelength, nm

76 FiGUre 6: (A—F) CD spectra of the PODNA-RNA, PS-DNA-

A v ~v- = PODNARNA RNA, PO-DNA-PO-DNA, PS-DNA-PS-DNA, PS-DNA-PO-

DNA, and RNARNA hybrids, respectively, in the presence of 0
(@), 10 ©), and 25uM spermine ¥). All spectra were recorded

in 10 mM sodium cacodylate buffer and corrected to the blank.
The experiments were repeated at least three times, and representa-
tive spectra are shown here.
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were found in the CD spectral pattern of either the-PO
DNA-PO-DNA or PS-DNA:-PO-DNA hybrid in the
presence of spermine. The RNANA duplex has the
classical A form conformation, with an intense negative band
at 210 nm and a large positive band around 260 nm. There
was a slight increase in the intensity of the 260 nm peak,
suggesting a stabilizing effect of the existing A-DNA
conformation by spermine. The RNA hybrids had a confor-
mation closer to the A form (panel F), with a positive peak
at~270 nm. The intensity of the positive peak wa4-fold
higher than that of the negative peak at 230 nm. Addition of
spermine slightly increased the positive peak intensity,
indicating a stabilization of the A form conformation. In
addition, the intensity of the negative band at 210 nm also
FIGURES: (A and B) Structural specificity of spermine homologues  jncreased with spermine. A small increase in the intensity

on the PG-DNA-RNA and PS-DNA-RNA hybrid helices, re- s .
spectively. AllT,, measurements were carried out in 10 mM sodium of the positive band at 270 nm was also observed in the

cacodylate buffer (pH 7.4). The concentrations of spermine homo- Presence of spermine.
logues were 106@), 25 ©), 50 (), and 100uM (v). n is the
number of methylene groups on the variable arm of spermine. DISCUSSION
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Our results show that natural and synthetic polyamines
exist in an intermediate state between the B and A forms are capable of stabilizing nucleic acid helices formed from
(29, 30). To examine the effects of polyamines on the a 15-mer antisense ODN targeted toward the initiation codon
conformations of different forms of duplexes, we recorded of the HER-2/neu mRNA. The duplex stabilizing effect of
the CD spectra of the duplexes in the absence and presencpolyamines was observed with DNA, RNA, and hybrid
of increasing concentrations of spermine (Figure 6). Both helices. Among the natural polyamines, spermine was most
the phosphodiester and phosphorothioate DNA duplexes haveefficient in stabilizing the hybrids. Spermine (1Q0M)
the conservative B-DNA spectra, with a positive peak at 270 stabilized the P©DNA-RNA hybrid with AT, values of
nm and a negative peak at 250 nm. No significant differences29 and 10°C in the presence of 10 and 150 mM Na
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respectively (Tables 2 and 7). Among the synthetic polyamines, with a characteristic negative band at 210 nm
polyamines, the hexamines with six positive charges exertedand a broad positive band at 270 nm. The band at 210 nm
stronger duplex stabilizing effect on the PBNA-RNA is a characteristic feature of helices involving RN26{
hybrid than pentamines and tetramines. The trend in increas-39). A substantial increase in the relative intensity of the
ing the T, is comparable for hybrids containing PCand negative band at 210 nm was observed with increasing
PS-DNA counterparts, although theTg/d(log[spermine]) concentrations of spermine, indicating that spermine pro-
value is higher for the PSDNA-RNA hybrid (Table 4). The moted and/or stabilized the A-DNA conformation of DNA
phosphorothioate modification had an adverse effect on theRNA hybrids. The ability of DNARNA hybrids to be
stability of the hybrid in the absence or presence of cleaved by RNaseH is suggested to arise from the conforma-
polyamines (Tables 2, 3, and 5). Our results show loWyer  tion of the hybrid helices rather than the nucleotide sequence
values of the PSDNA-PS-DNA duplex in the presence (40). The markedly different CD spectra of the PBNA-
of polyamines, as compared to thg values of PS DNA- PS-DNA duplex might be due to a distortion of its
RNA or PS-DNA-PO-DNA helices. secondary structure, attributed to the steric hindrance or less
We found that the relative stabilities of the duplexes under than optimum stacking interactions between the bases due
low-ionic strength conditions (10 mM cacodylate buffer) to the presence of phosphorothioate grodp).(
were in the following order: RNARNA > PO-DNA-RNA Although electrostatic binding plays a predominant role
> PO-DNA:-PO-DNA > PS-DNA-RNA > PS-DNA- in duplex stabilization, the chemical structure of the polyamine
PO-DNA > PS-DNA-PS-DNA. In the presence of 150 is also important in the degree of stabilization (Table 6 and
mM NacCl, the thermal stability of the PEDNA-RNA and Figures 4 and 5). Substitution of an ethyl group at the primary
PO—-DNA-PO-DNA hybrids is comparable. Furthermore, amino groups reduced the duplex stabilization effect of
1 mM spermine had a higher stabilization effect on thePO  polyamines. Since the ethyl substitution changes the size and
DNA-RNA hybrid (AT, = 10.5°C) compared to that of not the charge of the polyamine, it should not alter
the PO-DNA-PO—DNA duplex, which exhibited & T, of electrostatic interaction of the polyamine with DNA. How-
only 3°C. This differential effect suggests that polyamines ever, ethyl substitution introduces steric hindrance for site-
can be used to stabilize DNRNA hybrids, without altering specific interaction, including hydrogen bonding such that
the stability of the genomic DNA in a cell. Previous studies the ability of the terminal amino groups to form hydrogen
have shown a sequence dependence in the relative stabilitiebonds with the functional groups on DNA is hindered.
of DNA-DNA, RNA-RNA, and DNARNA duplexes 81— Reduction in thel,, values indicates the importance of the
33). Hybrid helices in which the DNA and RNA strands terminal amino groups in stabilizing the duplex.
consist of purine and pyrimidine bases, respectively, are less Chemical structural effects of polyamines on hybrid
stable than helices containing a purine RNA strand and a stabilization are also evident in studies using spermidine and
pyrimidine DNA strand 81, 32). In studies using random  spermine homologues (Figures 4 and 5). The reduced
sequences, the observed trend of relative stability is asefficacy of 3-2 to stabilize the hybrids can be attributed to
follows: RNA-RNA > DNA-DNA > DNA-:RNA (33). In its reduced charge (lowekKp) (42). In the case of spermine
the HER-2 antisense ODN, the DNA strand has 33% purine homologues, it was found that homologues lower than 3-3-3
and 66% pyrimidine, and this ratio is favorable for the and higher than 3-5-3 were less efficient in stabilizing
formation of stable hybrids with potent biological activity. hybrids. In the case of higher homologues, increased charge
The stability difference between the RNA duplexes and the separation by methylene groups results in a molecule with a
other hybrids may be attributed to the presence of a pK, value closer to or higher than that of spermidine and
2'-hydroxyl group in the ribose molecule in RNA and of a spermine. Therefore, the difference in the hybrid stabilizing

C-5 methyl group in the thymine base of the DNB4Y. capacity of the higher homologues of spermidine and
NMR studies indicate AJ base pairs of RNA are stronger spermine reflects the structural specificity of polyamines in
than AT base pairs of DNAZ5). their interactions with DNARNA hybrids. Structural speci-

We tested the specificity of antisense ODN recognition ficity effects of spermidine and spermine homologues have
of the target mMRNA using mismatch sequences. We observedbeen previously reported in DNA condensatietB)(and
that duplex stability decreased with an increasing number B-DNA to Z-DNA conformational transitions4d).
of mismatches. As the numbers of mismatch base pairs Molecular modeling and X-ray crystallographic studies
increased from 1 to 3 in the target RNA of the PDNA- indicate site-specific interactions of polyamines with DNA
RNA hybrid, Ty, values reduced from 43 to 21.7C. (45—48). Molecular mechanical calculations indicate binding
Although spermine increased the stability of mismatch of spermine to the major groove is energetically more
hybrids, theT, values were much lower than that of target favorable than that to the minor groove. Energy minimization
DNA-RNA hybrids complexed with spermine. The PS calculations using the (dG-d&{dG-dC) model suggest the
modification further destabilized the hybrids formed with folding of the major groove of DNA around spermine with
mismatch RNAs. the widening of the major groove and compaction of the

CD spectra of nucleic acids yield unique signatures that intrastrand phosphate distance45)( Recent molecular
are used to interpret the overall secondary structure of DNA, modeling studies, using a B-DNA model, indicate that
RNA, and their hybridsZ9). The CD spectra of PODNA- spermine binding is highly mobile with binding sites across
RNA and PS-DNA-RNA hybrids closely resemble each major and minor grooves, around the phosphates, and is
other above 220 nm, indicating that phosphorothioate capable of forming bridges between different helic46).(
modification did not affect the conformation of the helix. Infrared studies agree with the modeling studies by demon-
Our study suggests that DNRNA hybrids adopt a confor-  strating that there could be interstrand attachment at both
mation close to the A form even in the absence of the major and minor grooves, although the major groove is
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the preferred binding site of sperminé7j. The extent of

Biochemistry, Vol. 44, No. 1, 2005311

study and are evaluating the efficiency of polyamine

spermine binding and its exchange with other cations and antisense ODN complexes to block HER-2 expression in
hydration shell at any particular site depends on several HER-2-overexpressing human breast cancer cells.

parameters, including DNA sequence, geometry of grooves,

and the nature of other cations and anions in the medium REFERENCES

(48, 49). Raman spectroscopic studies by different investiga-
tors have indicated base-specific as well as electrostatic
interactions, independent of base compositiG®—52).
While delocalized polyamine electron density diffuses along
DNA, the electrostatic potential gradient may interact at a
perpendicular plane to the helix axis. The hydration shell
around the polar groups of the bases and the phosphate
groups make electrostatic and hydrogen bonding contacts
with polyamines, retaining the mobility of these molecules
around DNA 48).

The presence of flexible methylene groups in higher-
valence polyamines increases the probability of intrastrand
binding, leading to cross-linking between different DNA
RNA strands. Although there is a significant increase in the
Tm of the hybrids on addition of polyamines at a physiologi-
cally compatible ionic condition of 150 mM Nar 150 mM
K, this increase was lower than that observed under low-
salt conditions. However, polyamines acted in concert with
MgCl, to increase thd, of the DNA-RNA hybrids. The
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ence the stability of such hybridS€). Polyamine analogues
can be designed to increase the stability of the DRIRA
hybrid, although the effect of other counterions in competing
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In summary, our results show that natural polyamines have
a remarkable ability to stabilize different nucleic acid
duplexes and hybrids. Compared to the unmodified coun-
terparts, phosphorothioate modification resulted in decreased
duplex stability. The order of stability of the duplexes

with the following order: RNARNA > PO—-DNA-RNA

> PO-DNA-PO-DNA > PS-DNA-RNA > PS-DNA-
PO-DNA > PS-DNA-PS-DNA. The extent of stabiliza-
tion increases with cationicity of polyamine analogues, with
a hybrid stabilizing efficacy in the following order: hex-
amines> pentamines tetramines> triamines> diamines.
Bis(ethyl)-substituted polyamines are also able to stabilize
the hybrids, albeit to a lesser extent than their unmodified
counterparts. CD studies showed that spermine stabilized the
hybrid helices by stabilizing the conformation toward the A
form. These results might be useful in designing polyamine
analogues for stabilizing DNA&RNA hybrids within the cell,
especially when phosphorothioate ODNs are used as anti-
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