Biochemistry1999,38, 10775-10784 10775

Selectivity of Polyamines on the Stability of RNADNA Hybrids Containing
Phosphodiester and Phosphorothioate Oligodeoxyribonuclebtides

Thomas Antony, Thresia Thoma8! Akira Shirahata! and T. J. Thomas¥'

Departments of Medicine and kEinonmental and Community Medicine, Eronmental and Occupational Health Sciences
Institute, and The Cancer Institute of New Jersey, drsity of Medicine and Dentistry of New Jersey-Robert Wood Johnson
Medical School, New Brunswick, New Jersey 08903, and Faculty of Pharmaceutical Sciences, Jasaityni
Sakado, Saitama 350-02, Japan

Receied January 26, 1999; Resed Manuscript Receed May 17, 1999

ABSTRACT. RNA—DNA hybrid stabilization is an important factor in the efficacy of oligonucleotide-
based antisense gene therapy. We studied the ability of natural polyamines, putrescine, spermidine, and
spermine, and a series of their structural analogues to stabilize—fENA hybrids using melting
temperature ) measurements, circular dichroism (CD) spectroscopy, and the ethidium bromide (EB)
displacement assay. Phosphodiester (PO) and phosphorothioate (PS) oligodeoxyribonucleotides (ODNSs)
(21-mer) targeted to the initiation codon region afinge MRNA and the corresponding complementary

RNA oligomer were used for this study. In the absence of polyaminedstvalues of RNA-PODNA

and RNA-PSDNA helices were 4% 1 and 35+ 1 °C, respectively, in 10 mM sodium cacodylate
buffer. In the presence of a hexamine analogue of spermine at a concentratiorubf, 26e hybrids

were stabilized withT,,, values of 80 and 78C, for RNA—PODNA and RNA-PSDNA, respectively.

The d{Tw)/d(log[polyamine]) values, representing the concentration-dependent stabilization of hybrid helices
by polyamines, increased from 10 to 24 for both the RNFODNA and RNA-PSDNA helices. Bisethyl
substitution of the primary amino groups of the polyamines reduced the hybrid stabilizing potential of the
polyamines. Among the homologues of spermidingNtCH,)sNH(CHz)nNH2, wheren = 2—8; n = 4

for spermidine] and spermine pJN(CH,)sNH(CH.),NH(CH,)sNH,, wheren = 2—8; n = 4 for spermine],
spermidine and spermine were the most effective agents for stabilizing the hybrid helices. At a
physiologically compatible concentration of 150 mM NacCl, the hybrid helix formed from PODNA was
more stable than that formed from PSDNA in the presence of polyamines. CD spectroscopic studies
showed that the hybrids were stabilized in a conformation close to A-DNA in the presence of polyamines.
The relative binding affinity of the polyamine homologues for the hybrid helices, as measured by the EB
displacement assay, followed the same order in which they stabilized the hybrids. These results are important
in the antisense context and in the general context of polyanmoeleic acid interactions, and suggest

that pentamine and hexamine analogues of spermine might be useful in improving the efficacy of therapeutic
ODN .

The formation of RNA-DNA hybrids by the Watson hybridizes to a target mMRNA and represses gene expression,
Crick base pairing of complementary strands is involved in either by blocking mRNA translation or by facilitating the
cellular processes such as the priming step in DNA replica- cleavage of the mRNA by RNAse H, has become an
tion, transcription, and reverse transcriptioh—@). In important gene therapy strategy, known as antisense thera-
addition, utilization of a DNA oligomer that selectively peutics 6—7). Recent reports indicate there is much promise
for this technology, and intense efforts are underway to
T This work was supported, in part, by Grants CA73058, CA80163, develop therapeutic oligodeoxyribonucleotides (ODNSs) to

and CA42439 from the National Cancer Institute (T.J.T. and T.T.) and {reat a diverse spectrum of diseases, including HIV, cancer
a Grant-in-Aid for Scientific Research from the Ministry of Education, ' ' '
Science, and Culture, Japan (A.S.). and herpesg-11).

*To whom correspondence should be addressed: Clinical Academic  Tq realize the potential clinical utility of therapeutic ODNSs,

Building, Room 7090, UMDNJ-Robert Wood Johnson Medical School, . cep .
125 Paterson St., New Brunswick, NJ 08903. Phone: (732) 235-8460, S€veral practical difficulties have to be overcome. These

Fax: (732) 235-8473. E-mail: thomastj@UMDNJ.edu. include the sensitivity of ODNs to nucleases, inefficient
* Department of Medicine, University of Medicine and Dentistry of  cellular uptake of ODNs, and the stability of the hybrid

New Jersey-Robert Wood Johnson Medical School. ; PR i
§ Department of Environmental and Community Medicine and helices under cellular ionic and pH condition8—15).

Environmental and Occupational Health Sciences Institute, University Several strategies have been used in attempts to circumvent
of Medicine and Dentistry of New Jersey-Robert Wood Johnson these problems. The biological stability of the ODNs has

Medical School. L . . )
'The Cancer Institute of New Jersey, University of Medicine and been significantly improved by replacing one of the non

Dentistry of New Jersey-Robert Wood Johnson Medical School. ~ Dridging oxygen atoms with a sulfur atom, as in PS ODN
U Josai University. (16, 17). The modified ODN also exhibits significant ability

10.1021/bi990180t CCC: $18.00 © 1999 American Chemical Society
Published on Web 07/29/1999




10776 Biochemistry, Vol. 38, No. 33, 1999 Antony et al.

to elicit the activity of RNAse H, an enzyme which plays a

H
32: H)N N
key role in the antisense effect by cleaving the RNA strand TN

bound to the ODNSsI(). A variety of ODN delivery vehicles, e “’NWEWMZ

such as lipofectin, polyaminolipids, branched polyamines, s "’N\/\/E\/\/\Nﬂz

and cationic porphyrins, have been developed to facilitate 35 “zNWH\/\/\/N“z

the cellular uptake of ODNs1@—22). 360 BN AN AN,
Although many of the DNA modifications are focused on 37 HzN\/\/ﬁ\/\/\/\/““’

increasing the stability of the ODN against nuclease sensitiv- 38 Hm\/\/ﬁ\/\/\/\/\,‘mz

ity, an important factor governing the success of the antisense 323 H,NW&'\/\N/\/\NHZ

therapeutic strategy is the thermodynamic stability of the 33 B NH,

hybrids formed from the ODN and its targeted mRN2S+ PN NN

27). The correlation of thermodynamic stability with the W IR AN,

ODN structure suggests the importance of primary and 353 H,N\/\/ﬁ\/\/\/x*v'\/\/wz

secondary structure and the overall conformation in hybrid w63 i N ¥ —~—

stability (28). The secondary structure of the RNANA ’ \/\’H\/\/\/\’ﬁ o

hybrids is known to be intermediate between A- and B-form 373 1 BN A NS A A

helices and, in the majority of them, closer to A-form, which 83 n; B~~~
is prevalent in RNA double heliceg%). However, in many > HNW: . . gL
hybrids, the DNA part of the hybrid retains the B-form, 3333+ HN AN AN AN AN
which is prevalent in double-helical DNA8, 25). Lesnik 3333 : R ¥ R R NH,
and Frier 25) showed a direct correlation between the extent IR I \“/\/ NN
of A-DNA conformation in the secondary structure and the BE333 1 \ N AN
thermodynamic stability of the hybrid. The specificity of the
RNA—DNA hybrid for interaction with RNAse H is sug-
gested to arise from the conformation of the hybrid helices Ficure 1: Chemical structures of natural and synthetic polyamines
rather than from the nucleotide sequen28)(The stability used in this study.

of the RNA—DNA hybrids is governed in part by charge

neutralization because the negative phosphate groups on thé targeted to enycmRNA, including its AUG translation
backbone of both RNA and DNA repel each other in the initiation codon site, and is complementary to the antisense
absence of counterions. Among the various biological cations oligoribonucleotide, 5((AUGCCCCUCAACGUGAACUUC)-
involved in DNA and RNA helix stabilization in the cell, 3 AllODNs were purchased from Oligos, Etc. (Wilsonville,
the polyamines appear to play a critical role because of their OR), and were HPLC purified. The ODNs were dissolved
ubiquitous presence in all cell29). The ability of natural ~ in 10 mM cacodylate buffer [10 mM sodium cacodylate (pH
and synthetic polyamines to cause structural and conforma-7-4) and 0.5 mM EDTA] and extensively dialyzed from the
tional alterations in DNA has been studied in detail, although same buffer before use in physicochemical studies.

the precise mode of binding of polyamines with DNA is still ~ Polyamines. Putrescin€2HCI, spermidine3HCI, and
contentious $0—33). Previous studies using a series of Spermine4HCI were purchased from Sigma Chemical Co.
spermidine and spermine homologues demonstrated polyamindSt. Louis, MO). The structural homologues of spermidine,
structural specificity effects in the stabilization of duplex and 1,6-diamino-3-azahexane (3-2), 1,7-diamino-4-azaheptane
triplex DNA structures 2, 34—36). Despite these intriguing ~ (3-3), 1,9-diamino-4-azanonane (3-5), 1,10-diamino-4-aza-
observations, investigations into the binding of polyamines decane (3-6), 1,11-diamino-4-azaundecane (3-7), and 1,12-
on RNA—-DNA hybrids are scant. diamino-4-azadodecane«(8) and spermine, 1,10-diamino-

In this investigation, we evaluated the ionic and structural 4,7-diazadecane (3-2-3) 1,11-diamino-4,8-diazaundecane
effects of polyamines on the RNADNA hybrid helix by (3-3-3, norspermine), 1,13-diamino-4,10-diazatridecane
synthesizing several novel analogues of the natural polyamines(3_'5'_3)' 1,14-diamino-4,11-diazatetradecane (3-6-3), 1,15-
and determining their ability to alter the thermal helioil diamino-4,11-diazapentadecane (3-7-3), 1,16-diamino-4,13-
transitions of the hybrid. The DNA part of the helix consisted diazahexadecane (3-8-3), 1,15-diamino-48,12-triazapenta-
of either the phosphodiester or phosphorothioate ODN, decane (3-3-3-3), and 1,19-d|am!no-4,8,12,16'-tetraazapona-
comprising the complementary strand of thengeoncogene decane (3—3—3—3-.3) were syntheslzed as descrlbed. previously
MRNA, including the AUG initiation codon. We used a (34_35)' The b|s(ethyl)po!yam|ne analogu_es, bis(ethyl)-
synthetic RNA oligomer for our hybridization experiments. SPermine (BE-3-4-3) and bis(ethyl)norspermine (BE-3-3-3),
Our results indicate a dramatic increase in Theof RNA— were also synthesized acc_:ordlng to prewously_ described
DNA hybrids as the number of positive charges on the method§ 87, 38). The chemical structure_and purity of the
polyamine increased from two to six. However, spermidine synthe'S|zed compounds were determined by eIementaI
and spermine, respectively, were the most effective tri- and 21alysis, NMR, HPLC, and mass spectrometry. The chemical

H H
BE-3-4-3 : \/N\/\/N\/\/\ﬁ/v\ﬂ/\

tetravalent polyamines in stabilizing the RNNA hybrids, ~ Structures of these compounds are given in Figure 1.
Polyamine analogue stock solutions (20 mM) were prepared
MATERIALS AND METHODS in sterile, double-distilled water, and appropriate dilutions

were made prior to use.
OligonucleotidesWe used 21-mer antisense phosphodi-  Preparation of RNADNA Hybrids The RNA oligomer
ester and phosphorothioate ODNs with the following se- and the complementary phosphodiester and phosphorothioate
quence: 5GAAGTTCACGTTGAGGGGCAT-3 This ODN oligomers were mixed in a 1:1 molar ratio in 10 mM
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cacodylate buffer (pH 7.4) and the appropriate concentrations
of polyamines and heated in a boiling water bath for 5 min,

cooled to room temperature, and allowed to equilibrate for

16 h before performing th&, measurements.

Tm MeasurementsThese measurements were carried out
using a Beckman DU 640 spectrophotometer interfaced with
an IBM computer. All the measurements were taken at a
heating rate of 0.5C/min using a Beckman high-perfor-
mance temperature controll85). The measurements were
carried out in 10 mM cacodylate buffer in the absence and
presence of different concentrations of polyamines. The ' ' ' ' ' '
helix—coil transition temperature, which corresponded to 20 % 40 50 60 70 80
half-dissociation of the hybrids, was calculated as The Temperature, °C
after constructing pre- and post-transitional baselines corre-FiGUrRe 2: Melting profile of the RNA-PODNA hybrid in the
sponding to 100 and 0% hybrid, respectiveBg) presence of spermine. The concentrations of spermine webg 0 (

Circular Dichroism (CD) Measurement$he CD spectra 5 (@), 10 (&), 25 (&), and SM (Q). The ' measurements were

’ ) ) ‘ carried out in 10 mM cacodylate buffer [10 mM sodium cacodylate
were recorded on an Aviv model 62DS circular dichroism (pH 7.4) and 0.5 mM EDTA] at a heating rate of G6/min.
spectrophotometer (Aviv Associates, Lakewood, NJ). Rect-
angular quartz cuvettes wita 1 cmpath length were used  Table 1: Effects of Polyamines on tfg, of the RNA-PODNA
for all measurements. The CD spectra were corrected forHybrid®
the buffer contribution. The molar ellipticity was calculated
using the equationd] = 6/cl, where 6 is the observed
ellipticity, cis the molar concentration of the nucleotide, and

o
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B

o
©
S

o
9
N

Absorbance, Azgg nNm
(=]
N
(-2

o
@
-

concentration Tn (°C)
(uM) putrescine spermidine spermine 3-3-3-3 3-3-3-3-3

. 0 420 41.5 415 420 415
lis the path length. _ 1 42.0 443 455 499 564
Ethidium Bromide Displacement Assayhe relative 5 425 52.3 54.0 64.9 73.8
affinity of binding of spermidine and spermine homologues 10 43.5 56.7 63.7 68.9 74.3
5 46.6 62.3 66.7 71.0 79.9

to RNA—PODNA and RNA-PSDNA hybrids was deter- 0 487 65.0 71.0 73.0 817
mined using an ethidium bromide (EB) displacement assay 109 53.0 67.0 74.0 825 85.0
(40, 41). Binding of polyamines to DNA helices causes a
displacement of bound EB, resulting in a drop in the
fluorescence emission intensity. The concentration of
polyamine required to reduce the fluorescence intensity by o
50% (EGo) was calculated, and the reciprocal of this stab|I|zat!on, we conducted‘m_ measurement; of RNA
concentration was taken as a relative measure of the binding” OPNA in the presence of different polyamines, from the
constant 40). Serial additions of polyamines were made to diamine putrescine to the hexamine 3-3-3-3-3. Thealues

the hybrid-EB complex, and the emission intensity was Were determined in a concentration-dependent manner, and
measured at 590 nm (excitation at 510 nm) after an the measured values are presented in Table 1. Putrescine was
equilibration time of 1 min. The measurements were taken less effeptive than spermidine and spermine in stabilizing
using a quartz microcuvette with a volume capacity of 350 the hybrid duplex. Theln values of the RNA-PODNA

uL and a 3 nmbandwidth for excitation and emission. The Dyb”d at 100uM spermidine and spermine were 67 and 74
fluorescence in the absence of the polyamines was taken asC- réSPectively. The pentamine and hexamine analogues of
100% and that of free ethidium bromide as 0%. The SPermine, 3-3-3-3 and 3-3-3-3-3, respectively, exhibited
concentration of hybrid was BM. The binding affinity is ~ nigher hybrid stabilizing potential than spermine, and
expressed relative to that of spermine, for which the value required much lower concentrations for hybrid stabilization.
was assigned as 1. All fluorescence measurements werd ©7 €xample, 100M pentamine and hexamine increased

performed using a SPEX (Edison, NJ) Fluoromax-2 spec- th€ Tm Of the RNA-PODNA hybrid to 82.5 and 83C,

2 The T, measurements were conducted in a buffer containing 10
mM sodium cacodylate (pH 7.4) and 0.5 mM EDTA.

trofluorometer. respectively. Thus, the relative efficiency of the polyamines
in stabilizing the hybrid helix was in the following order:
RESULTS 3-3-3-3-3> 3-3-3-3> spermine> spermidine> putrescine.

To quantify the ability of each of the polyamines to
Stabilization of RNADNA Hybrids by Natural and increase thd@;, of the RNA-DNA hybrid in a concentration-
Synthetic PolyaminesFigure 2 shows the absorbarce dependent manner, we plottd¢, against log[polyamine]
temperature profiles of the RNAPODNA hybrid helix in (Figure 3). The slope of these plotsTglj/d(log[polyamine])
the presence of different concentrations of spermine. The (Table 2), was the lowest for putrescine (10) and highest
dissociation of the RNAPODNA hybrid to the correspond-  for 3-3-3-3-3 (22). The d{y)/d(log[polyamine]) values
ing single strands was observed as an increase in therepresent a measure of the efficacy of a polyamine to increase
absorbance at 260 nM{s0) as temperature increased from T, over a concentration range at which a linear increase in
2010 90°C. In the absence of spermine, figof this hybrid T, is observed with polyamine concentration. Therefore, our
was 41+ 1 °C. Addition of spermine to the hybrid solution  results show a remarkable increase in hybrid stability with
caused a concentration-dependent increase i thef the cationicity of the polyamines.
hybrid, with a maximuniy, of 74 °C at 100uM spermine. In the next set of experiments, we determined the ability
To study the role of cationicity of polyamines on hybrid of the polyamines to stabilize the RNA°SDNA hybrid. The
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Ficure 3: Plots of Ty, vs log[polyamine] showing the ability of
polyamines to increase thi, of the RNA—PODNA hybrid in a
concentration-dependent manng&y, data plotted here are below

the concentrations at which these values plateaued. The symbols ()

representl, values for putrescine), spermidine @), spermine
(2), 3-3-3-3 @), and 3-3-3-3-30).

Table 2: d{m)/d(log[Polyamine]) Values for Hybrid Stabilization
d(Tm)/d(log[M**])

polyamine concentration range.

or cation (x1P M) RNA—PODNA RNA—PSDNA
putresciné” 25—-250 10 10
spermidiné” 10-100 13 13
sperminé*" 10-100 19 17
3-3-3-3" 1-25 22 22
3-3-3-3-3+ 0.4-25 22 24
Na* 25000-150000 18.5 18
Mg?*+ 250-2500 21.5 22.9

a A straight line was obtained upon plotting, against log[M*],
where M refers to either the polyamine or inorganic cation.
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Ficure 4: Melting profile of the RNA-PSDNA hybrid in the
presence of spermine. The concentrations of spermine webg, 0 (
5 (@), 10 (»), 25 (a), and 50uM (O). T, measurements were
conducted in 10 mM cacodylate buffer.

melting profile of the RNA-PSDNA hybrid at various
concentrations of spermine is depicted in Figure 4. In the
absence of polyamines, the RNRSDNA hybrid melted

at 35+ 1 °C. As observed with the RNAPODNA hybrid,

Tn increased with the addition of the polyamin&g.values

of RNA—PSDNA in the presence of these polyamines are

Antony et al.

Table 3: Effect of Polyamines on thie, of the RNA-PSDNA
Hybrid

. Tm (°C)
concentration
(uM) putrescine spermidine spermine 3-3-3-3 3-3-3-3-3
0 35.0 35.5 35.5 35.0 35.5
1 35.5 38.9 39.8 50.0 45.0
5 36.0 46.9 52.1 58.0 60.0
10 37.0 49.9 55.0 66.5 71.7
25 39.1 55.4 61.0 73.8 78.1
50 43.0 59.9 65.0 77.0 82.5
100 43.6 62.9 71.8 78.1 84.2

Table 4: T, Values of RNA-DNA Hybrids in the Presence of
NaCl and MgC#?

Tm (°C) T (°C)

[NaCll RNA— RNA— [MgCl] RNA—  RNA—
PODNA PSDNA  (mM) PODNA PSDNA

0 42 355 0 42 315
25 476 48.0 0.5 50.7 453
50 53.7 56.0 1 59.1 55.8
100 58.5 59.2 2.5 59.9 60.8
150 62.1 61.0 5 60.9 61.7

a All T, measurements were conducted in 10 mM sodium cacodylate
buffer. Small volumes of concentrated solutions of NaCl and MgCl
were added to the ODN solution to increase the cation content.

both hybrids (result not shown), and theTg)/d(log-
[polyamine]) values were comparable (Table 2), despite the
backbone modifications on the ODN.

Effect of N& and M@ on the Stability of the RNADNA
Hybrid. We next examined the effects of two inorganic
cations, N& and Mg, on the stability of both RNA-
PODNA and RNA-PSDNA hybrids. Like polyamines, both
Na" and Mg" stabilized the hybrids in a concentration-
dependent manner (Table 4). With increasing concentrations
of these cations, thé&,, values of both hybrids increased,
with d(Ty,)/d(log[Na']) values of 18.5 and 18.0 for RNA
PODNA and RNA-PSDNA, respectively (Table 2). In the
presence of Mg, the corresponding df)/d(log[Mg®"])
values were 21.5 and 22.9, and comparable to that of
spermine and other higher polyamine analogues. Thg)f(
d(log[M?*]) (where M is the cation and is the number of
positive charges) values are related to the enthalpy changes
(AH) and thermodynamic degree of ion dissociatian) for
the melting transition:

Ai = [d(T,)/d(log[M* ])I{ [AH/2.3R(T,)°T}

where R is the gas constant. Therefore, it is difficult to
speculate about the relative importance &f.g(d(log[M?"])
values of different cations in the absence of the corresponding
AH values for the hybrid helixcoil transition in the presence

of these cations. However, the concentration range at which
a linear increase i, occurred with N& is 1500-6000-

presented in Table 3. They showed the same order of efficacyfold higher than that of the tetra-, penta-, and hexavalent

in stabilizing the RNA-PSDNA hybrid that was found with
RNA—PODNA (3-3-3-3-3> 3-3-3-3> spermine> sper-
midine > putrescine). In general;, values for the RNA-
PSDNA hybrid were lower than that of the RNAAODNA

polyamines. It is also interesting to note here that putre3cine
is a better divalent cation for increasing thgof the hybrid
than Mg*. For example, the concentration of putreséine
which increases th&,, of the RNA-PODNA hybrid to 62

hybrid at the same polyamine concentrations. However, the°C is 1 mM, while a 10-fold higher concentration of g

patterns ofT, versus log[polyamine] plots were similar for

is required to exert the same effect.
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Table 5: Effect of Bis(ethyl) Substitution of Polyamines on figof RNA—DNA Hybrids?

Tm (°C)
concentration 3-3-3 BE-3-3-3 3-4-3 BE-3-4-3

(uM) PODNA PSDNA PODNA PSDNA PODNA PSDNA PODNA PSDNA

0 41.3 36.0 42.0 35.0 415 35.5 415 35.0

5 53.0 50.0 51.0 48.8 54.0 52.1 51.7 48.8

10 63.0 53.0 59.5 52.7 63.7 55.0 54.3 55.7

25 64.5 59.0 63.0 58.5 66.7 61.0 66.5 63.0

50 70.0 64.0 68.5 63.5 71.0 65.0 70.5 65.1

100 73.0 68.5 71.0 65.5 74.0 71.8 71.0 67.3

aAll T, measurements were conducted in 10 mM sodium cacodylate buffer.
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HoN-(CH,)3-NH-(CH,),,-NH, HaN-(CHy)3-NH-(CHy),-NH,

Ficure 5: Structural specificity effects of spermidine homologues FiGURE 6: Structural specificity effects of spermidine homologues
on theT,, of the RNA—PODNA hybrid. The number of methylene  on theT,, of the RNA—PSDNA hybrid. The number of methylene
groups 6) on the variable arm of spermidine homologues is plotted groups ) on the variable arm of spermidine homologues is plotted
against the corresponding, values at homologue concentrations against the correspondirig, values at homologue concentrations

of 10 (@), 25 (), 50 (¥), and 100uM (V). of 10 (@), 25 (©), 50 (¥), and 100uM (v).
Effect of Bis(ethyl) Substitution of Polyamines on the 80
Stability of RNA-DNA Hybrids Bis(ethyl) analogues of 751
polyamines are known for their potential chemotherapeutic
effects in cancer cellgl@). To study the possibility of using 9_ 70
these compounds in hybrid stabilization, we determined the g
Tm values of both RNA-PODNA and RNA-PSDNA T 65
hybrids in the presence of two bis(ethyl) polyamine ana- 2 /\
logues: BE-3-3-3 and BE-3-4-3. Both of them stabilized the E 60
hybrid DNA, and the melting profiles were similar to that = 55|
of spermine (profiles not shown). Howevéy, values were
lower than that in the presence of unsubstituted polyamines hner 3 s 4 5 s 7 8 o
(Table 5).

e - . HaN-(CH3)3-NH-(CH,),,-NH-(CHy)3-NH

Structural Specificity of Spermidine Homologues in Sta- 2N-(CH)sNH-(CHy)o-NH-(CHo)oNH,
bilizing RNA-DNA Hybrids In the next set of experiments, ~FIGURE 7 Structural specificity effects of spermine homologues
we recorded the melting profiles of both RNAYODNA and on theT, of the RNA—PODNA hybrid. The number of methylene

L - groups () on the variable arm of spermine homologues is plotted
RNA—PSDNA hybrids in the presence of spermidine ho- aqgainst the correspondirig, values at homologue concentrations
mologues. These triamines differed in the number o, CH of 10 @), 25 (©), 50 (¥), and 100uM (v).

groups on the variable arm of spermidine (Figure 1) and thus

provided us with an opportunity to disentangle charge effects 3-2 was closer to that of putrescfiethan to that of
from that of polyamine structure. Th&, values of both spermidiné" (34). A possible reason for the reduced efficacy
RNA—PODNA and RNA-PSDNA hybrids increased with  of 3-2 might be related to its reduced charge (lowkg)p
polyamine concentration in the presence of all the analogues Structural Specificity of Spermine Homologues in RNA
that were studied. Plots of thi, values of RNA-PODNA DNA Hybrid Stabilization In the next set of experiments,
and RNA-PSDNA hybrids versus the number of €gtoups we investigated the effects of spermine homologues in
in the variable arm of the triamine (Figures 5 and 6) exhibited stabilizing RNA-PODNA and RNA-PSDNA hybrids (Fig-

the highesiTy, with spermidine i§ = 4) at all the concentra- ures 7 and 8). These compounds increasedTthef both
tions that were studied (10, 25, 50, and 10@). In general, hybrid helices in a concentration-dependent manner; how-
the efficacy of these compounds in stabilizing the hybrid ever, their efficacy in increasing, varied with the structural
helices was in the following order: 3-4 (spermidine) geometry of the compounds. These plots also show that the
3-3> 3-5> 3-6 > 3-7 > 3-8 > 3-2. In previous studies  natural polyamine spermine had the highest stabilizing
involving DNA—DNA duplex stabilization, the efficacy of  potential, closely followed by its nearest homologues, 3-3-3
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75 Table 6: T, Values of RNA-DNA Hybrids in the Presence of 150
mM NaCl and 1 mM Polyamines
70
) Tm (°C)
°°. 65— polyamine RNA-PODNA RNA—PSDNA
3 | none 62.1 61.0
g 60 putrescine 65.2 56.3
o spermidine 69.2 62.8
£ 551 spermine 72.0 71.0
= 3-3-3-3 79.0 73.0
50— 3-3-3-3-3 82.0 75.5
- 1 | | 1 1 |
n=1 2 3 4 5 6 7 8 9
HaN-(CH3)3-NH-(CH,),,-NH-(CH,)3-NH, <
Ficure 8: Structural specificity effects of spermine homologues 2,:'*
on theT, of the RNA—PSDNA hybrid. The number of methylene x 3
groups () on the variable arm of spermine homologues is plotted 2 g
against the correspondifig, values at homologue concentrations ‘g ©
of 10 (@), 25 (©), 50 (v), and 100uM (V). :E-NE
=0
4
74| 5 3
= [o]
70 =

Wavelength, nm
Ficure 10: CD spectra of the RNAPODNA hybrid in the

Temperature, °C
[-1]
(-]
I

62/~ presence of 0J), 10 (@), and 25:«M spermine 4). The CD spectra
= were recorded in 10 mM cacodylate buffer.
58 | 1 | | 1 |
000 025 050 075 1.00 1.25 1.50 1250 mM NacCl. Thus, RNAPODNA was more stable than
[NaCl, M] the RNA—PSDNA hybrid in the presence of combinations
Ficure 9: Effect of NaCl on the stabilization of RNAPODNA of sPer_m'ne and NaCl. . .
(0) and RNA-PSDNA @) in the presence of 100M spermine. The intracellular concentration of polyamines has been
reported to be in the millimolar range&3), although the

and 3-5-3. However, a dramatic decreasé&droccurred with “free” or active concentration is probably lower. Therefore,

3-2-3, although this compound differed from spermine by we next examined the ability of different 1 mM polyamines
two methylene groups only in the central bridging region. to increase the stability of both hybrid helices in the presence
This could be a consequence of its reduced cationicity (pleaseof 150 mM Na (Table 6). TheT,, values thus determined
see the Discussion). Similarly, the higher homologues were were 72 and 69.7C, respectively, for spermine-stabilized
less effective than spermine in stabilizing RNANA RNA—PODNA and RNA-PSDNA hybrids. As observed in
hybrids. The ability of the analogues to stabilize the hy- the low-ionic strength medium, the efficacy of the polyamines
brid helices was in the following order: 3-4-8 3-5-3 > in increasing theT,, of the hybrid helices increased with
3-3-3 > 3-6-3 > 3-7-3 > 3-8-3 > 3-2-3. These findings  cationicity and the values were in the following order:
demonstrate that the chemical structure of the polyamines3-3-3-3-3> 3-3-3-3> spermine> spermidine> putrescine.

has a major effect on RNADNA hybrid stabilization. CD Spectroscopic Studi/RNA—DNA hybrids are known
Competition of Na and Polyamines for RNADNA to have a structure close to A-form nucleic ac&b) To

Hybrid Stabilization In the next set of experiments, we examine whether polyamine-mediated stabilization of the

examined the ability of Nato alter theT,, values of RNA- hybrid is due to a change in the conformation toward A-form

DNA hybrids stabilized with spermine (Figure 9). At 100 DNA, we recorded the CD spectra of the hybrid in the
uM spermine, thé@, values for RNA-PODNA and RNA- presence of spermine between 205 and 320 nm. The CD
PSDNA hybrids were 74 and 713, respectively. With spectrum of the RNAPODNA hybrid (Figure 10) has two
the addition of NaCl, th&, of hybrid helices decreased. At positive bands at 220 and 270 nm and a negative band at
a physiologically compatible Naconcentration of 150 mM, 240 nm. This CD spectrum is different from the typical
the Ty, values of RNA-PODNA and RNA-PSDNA hybrids B-DNA spectrum that has a conservative band with negative
were 67 and 60C, respectively, in the presence of 100 and positive peaks around 245 and 280 nm, respectively, or
spermine. The correspondirig, values were 62.1 and 61 a typical A-DNA spectrum that has a strong negative band
°C, respectively, in the presence of 150 mM*Naone. In about 210 nm, a weak negative band about 245 nm, and a
the case of the RNAPODNA hybrid, the T, values very intense positive band about 265 n2d,(25, 44). In the
gradually increased at concentrations 2250 mM and CD spectrum of RNA-PODNA, the intensity at 270 nm is
reached a value of 73C at 1250 mM N4. In contrast, the ~ ~3-fold higher than that of the negative band, suggesting a
T of the RNA-PSDNA hybrid remained repressed up to structure closer to that of A-DNA than B-DNA. However,
500 mM Na, and then increased to a value of 86 at no negative band was seen~a210 nm. The presence and
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Table 7: Relative Binding Constants Measured by the Ethidium
v Competition Method
E _ 40 polyamine relative binding constafit
3“7_ 20| analogue RNA-PODNA RNA—PSDNA
S g 3-2 0.005 0.003
S5 0 3-3 0.02 0.02
2, 3-4 (spermidine) 0.023 0.02
o E » 3-5 0.02 0.014
w 9 < 3-6 0.007 0.012
s 3-7 0.0056 0.006
O p 40 3-8 0.002 0.004
== 3-2-3 0.04 0.06
%0 , ‘ ‘ , , 3-3-3 0.89 0.9
220 240 260 280 300 320 3-4-3 (spermine) 1.00 1.0
3-5-3 0.35 0.81
Wavelength, nm 3-6-3 0.24 0.18
Ficure 11: CD spectra of the RNAPSDNA hybrid in the presence 373 0.31 0.09
; 3-8-3 0.09 0.07

of 0 (O), 10 @), and 25u4M spermine A). The CD spectra were
recorded in 10 mM cacodylate buffer. 2The binding constants were calculated as the reciprocal @, EC

the concentration of polyamine required to displace 50% of the ethidium
D bound to RNA-DNA hybrids.

the intensity of the negative 210 nm band in the hybrid C
are known to be a function of the base sequerd&e 45).
With the addition of spermine, the intensity of the positive that of spermine. The relative binding affinities of spermidine
band increased with the simultaneous development of aand spermine homologues for binding to RNRODNA and
strong negative band at 210 nm, suggesting that the degreeRNA—PSDNA were similar (Table 7).

of A-form increases with polyamine addition. The ellipticity

of the positive band showed a small decrease at spermineP!SCUSSION

concentrations of25 uM. The main goal of this investigation was to examine the
We also recorded the CD spectrum of the RNASDNA ability of natural and synthetic polyamines to stabilize RNA
hybrid in the presence and absence of spermine (Figure 11) DNA hybrids formed from a therapeutically important ODN
In the absence of spermine, the CD spectrum of this hybrid in its phosphodiester and phosphorothioate forms. Both forms
was different from that of the RNAPODNA hybrid inthe  of this ODN have been shown to suppress the expression of
low-wavelength region (266220 nm), but similar at wave-  the cmyc oncogene in cancer cell lineglg—49). It is
lengths above 220 nm. It exhibited a strong negative band possible that the natural polyamines might participate in
at ~207 nm, closer to the 210 nm band characteristic of RNA—DNA hybrid formation in the cell because the

A-DNA. With the addition of spermine, the ellipticity intracellular spermidine and spermine levels are known to
decreased and the band maximum red shifted to 212 nm atpe in the millimolar concentration rang2d). A part of the
10 uM and the ellipticity further decreased at 2BV “bound” polyamines may be existing in association with
However, the spectral changes were similar to that of RNA  negatively charged macromolecular assemblies in the cell,
PODNA at higher wavelengths-@20 nm), and stabilized  including double-stranded DNA, folded RNA, ribosome, and
at >25uM spermine. chromatin. Since many of these supramolecular structures
Relatve Binding Affinity of Spermidine and Spermine are associated with proteins and cellular cations other than
Homologues with Hybrid Helicedo confirm whether the  polyamines, their affinity for “free” polyamines is likely to
structural specificity observed in RNADNA helix stabiliza- be lower than that of free ODN and nascent mRNA. Our
tion is due to the differences in the relative binding affinities studies demonstrate that spermine can stabilize RRNA
of these polyamines for the hybrids, we determined their hybrids with aAT, of about 33°C at 100uM in low-salt
relative binding affinities using an ethidium displacement buffer. At a physiologically compatible ionic concentration
assay. Results of these experiments are presented in Tablef 150 mM Na’, there was an increase of 1G in Ty, in the
7. Among the triamines, spermidine had the maximum presence of 1 mM spermine (Table 6). The phosphorothioate
binding affinity, which was very close to its next lower or modification, specifically introduced to increase the biologi-
higher homologue. On a relative scale of 1 for spermine, cal stability of the ODN, had a deleterious effect on the
the binding affinity for binding to the RNAPODNA hybrid thermodynamic stability of the hybrid. A similar destabilizing
decreased with alteration in the number of Qitoups in effect was observed in the case of triplex DNA formation
the aliphatic chain. Among spermine homologues, 3-3-3, with when the phosphorothioate ODN was compared with its
one less Chlgroup than spermine, had a binding affinity phosphodiester analogugdj. Although isovalent polyamine
close to that of spermine. However, 3-2-3 had the lowest homologues were less efficient than the natural polyamines,
binding affinity, about 25-fold lower than that of spermine, spermidine and spermine, in stabilizing RNBNA hybrids,
showing that a decrease of more than one,Qroup a novel series of pentamine and hexamine analogues were
drastically reduced the binding affinity. Homologues with a much more effective than spermine in stabilizing the hybrid
higher number of Ckgroups also had reduced affinity that helices, with aAT, of up to 20°C in the presence of 1 mM
decreased with increases in chain length. For 3-8-3, the3-3-3-3-3 in 150 mM NacCl.
binding affinity was 0.09. Compared to that of spermine,  The increased stability of RNADNA hybrid helices with
the binding affinity for spermidine was50-fold lower than the cationicity of the polyamines suggests that the overriding
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factor in polyamine-hybrid helix interaction is electrostatic  binding of putrescine, spermidine, and spermine to tRNA
in origin. Bloomfield and colleague$1—53) have success-  also point out that polyamines cannot be simply considered
fully applied the counterion condensation theory, developed simple organic cations6g). Although the primary amino

by Manning 64) and Record et al.56), in theoretically group (NH™) charge density is higher, Frydman et &5\
interpreting polyamine DNA interactions, especially as it  found that secondary amino groups (NHbind with higher
applies to DNA condensation. According to this theory, affinity than primary amino groups. Taken together, the mode
polyamines are considered to be structureless point charge®f binding of spermine to DNA is difficult to define, and
that form an ionic cloud around DNA and shield the negative sites within both the major and minor grooves of nucleic
charges of the phosphate groups, thereby reducing theacids might be involved, depending on the nucleic acid
repulsion between the phosphate groups. Since site-specifisequence and conformation, as well as the number of
interactions are not envisioned as a part of this formalism, methylene groups separating the primary and secondary
all isovalent molecules should behave similarly, irrespective amino groups of polyamines, and the number and nature of
of the geometric structure of these molecules. However, alkyl substitution on the nitrogen.

results of this study using a series of spermidine and spermine  Structural specificity effects of polyamines in RNANA
analogues show significant structural effects of these hybrid stability are clearly evident from our studies with
polyamines in stabilizing RNADNA hybrids. In both series, ~ spermidine and spermine homologues (Figure8)51n both

the natural polyamines (spermidine and spermine) have thehomologous series, compounds differing by one methylene
highest stabilizing effect, indicating a natural selection group had a negligible effect oATy, compared to that of
process for synthesizing molecules ideally suited for interact- spermidine and spermine. A decrease of two methylene
ing with DNA and RNA-DNA helices. groups, as in 3-2 and 3-2-3, had a dramatic effect in reducing
the ability of polyamines to stabilize RNADNA helices.
This effect is partly due to the reduced level of protonation
of 3-2 and 3-2-3 at the buffer pH of 7.4. For example, the
reported K, values for 3-2-3 are 10.7, 10.0, 8.5, and 5.8,
suggesting that this molecule might act as a triamine under
the conditions of our experiment (pH 7.46). In contrast,

the (K, values of spermine are 10.9, 10.1, 8.8, and 7.9, while
those of spermidine are 10.8, 9.8, and &%) ( The higher
homologues of spermidine and spermine hakg yalues
close to or higher than that of spermidine and spermine
because of the increased charge separaéng7). Thus,

the observed reduction in the hybrid stabilizing effect of the
higher homologues reflects structural specificity effects of

Several crystallographic studies have provided evidence
for the interaction of spermine with DNA in its B, A, and Z
conformations. The DrewDickerson model shows that the
spermine is bound to the upper end of the major groove of
the B-DNA dodecamer, d(CGCGAATTCGCG) duplééy].

The pendant Nk groups are bound to the nucleic acid
phosphates, while one of the two BiHgroups forms a
hydrogen bond to a guanine O6 and, via a bridging water
molecule, to a cytosine N4 on the next base pair down. It is
also reported that spermine could assume different confor-
mations yet form extensive van der Waals contacts with the
same hydrophobic zone in a sequence-specific maiier (
Recently, the crystal structure of spermine bound to a

. i ) : polyamines.
dlstortgd B-DNA hexamer was reporteo! in which- the Bis(ethyl) derivatives of polyamines are an emerging group
spermine was bound across a narrowed minor groove rather

than being embedded within i68). Jain et al. §9) found of cancer chemotherapeutic agents and are believed to

extensive aminephosphate interactions in B-DNA, whereas substitute for natural polyamines in some of their functions
A-DNA lacked any such hydrogen bonding interactions. (42). Although the hybrid stabilizing potential of bis(ethyl)

H tensive hvdrophobi tacts bet the CH derivatives is relatively lower than that of the unsubstituted

OWEVET, extensive hydrophobiC contacts between the & polyamines, their effects are potentially important, because
groups and the nucleic acid bases,_ particularly thymln_e they have the added advantage of acting as cell growth
_methyl groups, were seen, suggesting that hydrpphob'cinhibitors. These compounds are easily transported by cancer
mteract'mn is a more important factior in the binding of cells utilizing the polyamine transporter(§§. They are
polyamines with A-form DNA than with B-form DNA. In 5 4 deplete the intracellular level of natural polyamines,
more recent studies, Wahl and Sundaraling&®) found

h ine bind lusivel ither of th and disrupt the cellular functions of polyamines, including
that spermine binds exclusively to either of the grooves, Of yheir apility to modulate gene regulatory protelBNA

to the phosphate groups of the backbone, or exhibits a mixed,taractions 69, 70). Thus, RNA-DNA hybrid stabilization

binding mode in A-DNA. However, Verdaguer et ablf — y pig(ethyl)polyamines, albeit the extent is lower than that
found that the two nitrogen atoms in one-half of the spermine ; spermidine and spermine, may lead to synergistic cell
molecule are bound inside the major groove, while the two growth inhibition by utilizing multiple targets.

other nitrogen atoms are bound to phosphate groups across g jon competition experiments (Figure 9) show distinct
the borders of this groove of A-DNA. In the left-handed jifrerences in the binding of spermine with RNAODNA
Z-DNA hexamer, d(CGCGCG), spermine was localized 5,4 RNA-PSDNA in the presence of Naons, although
along the edge of the deep groove and also spanning the, o hyhrids have similafy, values in the presence of 150
entrance to the groové?). Theoretical studie@) further mM Na" alone. The relative binding affinities of both
suggested that the level of binding of spermine to A-form gpermidine and spermine homologues toward both hybrid
DNA is ~1.5-fold higher than that to B-DNA. helices were also similar (Table 7). The reductiogfwith
X-ray crystallographic analysis of spermine binding with increases in Na concentration at a constant polyamine
yeast phenyl alanyl tRNA shows that one of the two strongly concentration was previously observed for duplex DNA
bound spermine is located at the major groove of the double-stabilization 84). An explanation for this phenomenon has
helical region, while the other is in a region where the been provided on the lines suggested by Mannifg) (
polynucleotide chain turns sharpl§4). NMR studies of the Record et al.§5, 71) for divalent cations in the presence of
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