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ABSTRACT:  This paper examines the relationship between the conformation and solvent for the poly{dA)/s-SPG
complex using circular dichroism in the 240-300nm wavelength region. At the low temperature and low salt concen-
tration, poly(dA) in the complex is estimated to take C2'-endo with a different torsional angle from the anvi form. With
increasing temperature, the circular dichroism {CD) spectrum starts to bear characteristics of C3'-endo and anti as 2
minority among the majority of C2'-endo and anti. When the salt concentration is increased, the spectrum becomes
almost identical to that of the high temperature form under the non-salt condition. Therefore, addition of salt provides
the identical effect to increasing temperature. D, 0 induces the same effect as decreasing lemperature.

KEY WORDS
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Conformational changes in polynucleotides play im-
portant roles in biological systems.! A replication fork
in DNA undergoes a conformational change when it
interacts with a single-stranded polynucieotide bind-
ing protein (SSB).? This change disables the replica-
tion fork to retrieve hybridization, which is crucial to
DNA replication. Powell and Gray® explored the con-
formational change induced by SSB, using poly(dA)
as a model single-stranded DNA (ssDNA). Their circu-
lar dichroism (CD) data demonstrated that SSB induces
the same conformational change in poly(dA} as that of
heating poly(dA) or protonating the polymer at low pH.
It seems that ssDNAs conformational response to exter-
nal stimuli is one of the crucial issues to understand the
relationship between ssDNA conformation and biclog-
ical roles.!-2

Sakurai and Shinkai® are the first to demonstrate that
a neutral 8-1,3-glucan schizophyllan (SPG) can bind
single homo-polynucleotides to change the conforma-
tion dramatically. Here, SPG is preduced by Schizo-
phyllun commune and belongs to the 8-1,3-glucan fam-
ily (Figure 135 SPG exists in a triple helix in wa-
ter and a single chain (s-SPG) in dimethyl sulfoxide
(DMS0).%7 When a s-SPG/DMSO solution is diluted
with water (renature), SPG can gain the triple heli-
cal conformation again.® When some polynucleotide

*To whom correspondence should be addressed.

714

CHOH
0
CH
HO 0
CHOH OH CH, CH,OH
1o 0, o o o i
HO HO HO
OH CH OH
L ~n

Figure 1. Chemical structure and repeating unit of schizophyl-
lan.

is present in the renaturing process, a new triple he-
lix consisting of one polynucleotide chain and two s-
SPG chains is formed instead of reforming the original
triple helix.* Mizu ef al.? demonstrated that poly(dA)
forms a complex with s-SPG and the complex exhibits
the following features. (1) A critical base number is
necessary to induce the complexation. (2) When the
base number is > 60, the poly(dA) chain in the complex
undergoes structural transition upon heating below the
dissociation temperature (T,) of the complex. This is
a distinct conformational transition and we denote the
low and higher temperature forms as HL and H, respec-
tively. (3) The hypochromic effect once ceases at the
transition temperature and appears again. Such com-
plicated CD spectral changes have never been observed
for single-stranded RNAs such as poly(C), poly(A), and
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(a) C2-endo
P-P distance = 7A

{ Glycosidic torsional angle: syn<——>anti)

(b) C3-endo
P-P distance = 5.9A

{ Glycosidic torsional angle: only anti)

NH, NH,
g o
9 1
0=P—0 . N
T
H H
(? H
0=pP—0
|
son o |

Figure 2, Schematic illustration of the conformational notation of polynucleotides. (a) C2'-endo puckering. For this puckering, the
torsional angle of the glycosidic bond can be allowed to take two forms: anti and syn. The distance between the phosphate anions is 7.0 A.
(b) C¥ -endo puckering. This puckering allows only anti form and the distance between the phosphate anions is 5.9 A

poly(U).* 1 This spectral diversity is characteristic of
poly(dA) and may be related to the conformational flex-
ibility of DNA.!! This paper examines the solvent ef-
fect of the complex made from poly(dA} and s-SPG to
clarify the nature of this unique structural transition.

CONFORMATIONAL NOTATION OF
POLYNUCLEOTIDES AND THE CD SPECTRUM
FOR POLY(DA)

According to conformational studies on polynu-
cleotides,! 12 the ribose ring of ribonucleosides usually
takes the C3’-endo puckering and the ribose in deoxyri-
bonucleosides takes the C2'-endo puckering. Here,
the C3'-endo puckering (or N-type) is a nibose puck-
ering in which the C3’ carbon is out-of-plane project-
ing out toward the same direction of the base moi-
ety, and the C2'-endo puckering (or S-type) is defined
in the same manner (see Figure 2). Torsional free-
dom around the glycosidic bond greatly differs between
C?2 -endo and C3’-endo. The C3'-endo puckering only
takes the ant/ conformation which causes the Watson-
Crick hydrogen-bonding sites to be directed far away
from the ribose ring. The C'2’-endo puckering enables
the base to rotate rather freely and to take both anti
and syn conformations. The syn form is an almost
reverse position of the anri form, with Watson—Crick
hydrogen-bonding sites now oriented towards the ri-
bose. Generally, the anti form is more preferable than
the syn form, however, the stability difference depends
on the base molecules and the atmosphere surround-
ing the molecules. When the base is adenine, anti is
more preferable than syn. The energy difference be-
tween those (anti and syn) is only 0.3kcalmol™',!12
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small enough to convert each other. The electrostatic
interaction between the phosphate anions plays an im-
portant role to determine the polynucleotide conforma-
tion, especially, the salt concentration dependence of
the conformation. The distance between the adjacent
phosphate anions is about 5.9 A for the C3'-endo puck-
ering, while 7.0 A for the C2’-endo puckering.' There-
fore, C2'-endo is more preferable in lower salt concen-
trations than C3’-endo, because electrostatic repulsion
is less sealed in the lower salt concentration. The sugar
puckering and the glycosidic bend angle are not de-
fined as one conformation, but as a group of confor-
mations having a similar steric parameter.!? Polynu-
cleotide chains contain C2’-endo and C3'-endo at the
same time.

Circular dichroism in the 240-300nm wavelength
range reflects the spatial relationship between the ad-
jacent bases along polynucleotides through the interac-
tions between the induced dipole moment of the bases.
Olsthoorn et al.'>'* extensively studied the relation-
ship between the CD spectra and the chain confor-
mation of poly(dA) determined by NMR, and found
that the poly(dA) chain consists of C2"-endo and anti
{S4a) as a2 major species and C3’-endo and anti (Nga)
as a minor one, and with increasing the chain length,
the population of Nya essentially vanishes.'> Since the
population of Nga—Ngaa should be negligible, only two
combinations for the adjacent bases essentially deter-
mine the CD spectra, that is, Sga—Sga and Sga~Nga se-
quences. The CD spectra for Sqa—Sqa and Sga-Naa
sequences are characterized to have a strong negative
band at 250nm and a weak positive band at 280 nm,
and a strong negative band at 250 nm and a strong pos-
itive band at 260 nm, respectively.
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Figure 3. Comparison of the CD spectra in three solutions containing poly(dA) (non-salt and neutral: (a), 1M KCL: (b}, and 2M KCI:
()} at 5, 60, and 95 °C. For reference, poly(A) is shown in panel (d). In al{ pancls, the solid and dotted lines represent the CD spectra for

poly(dA) and the mixtures of poly(dA) and s-SPG..

EXPERIMENTAL

High-purity grades of NaCl, KCl, DMSQ, D;0,
and formamide were purchased form Wako Chemical.
Poly(dA) and poly(dT) were obtained from Amersham
Phamacia and the degrees of polymerization, based on
reported sedimentation velocities, were about 250 and
300, respectively. According to the previous work,®
the poly(dA) base number of 250 was considered suf-
ficient to ignore the chain end effect. The schizophyl-
lan sample was kindly provided by Taito Co. in Japan.
The molecular weight of s-SPG was 1.5x 10°, i.e., 231
repeating units. A mixture of poly(dA) and s-SPG
was prepared by adding a DMSO solution of s-SPG
to an aqueous solution of poly(dA). Final concentra-
tions of poly(dA) and s-SPG were 5.3x 1073 gdL"!
and 5.0%10°2 g dL"!, respectively. The volume frac-
tion of water in the mixture was 0.91 for all samples.
Before measurements, all samples were annealed at
5°C for 6-10d. The CD and ultraviolet absorbance
(UV} spectra in the 240-300 nm region were measured
at 0-95°C on a Jasco J-720W1 spectropolarimeter and
Jasco V-570 UV/VIS/NIR spectrophotometer, respec-
tively. The CD and UV spectra depended only on the
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salt concentration, and the difference in cations did not
provided any change. T, was determined according to
the established method. %% 1

RESULTS AND DISCUSSION

Conformational Transition on Heating in Non-Salt and
Neutral Solutions

Figure 3 presents the CD spectra in three solutions
containing poly(dA) (non-salt and neutral: (a), 1M
KCl: (b), and 2M KCI: (c)) at 5, 60, and 95°C. For
comparison, the poly(A) system is presented in panel
(d). In all panels, the solid and dotted lines repre-
sent the CD spectra for poly(dA) and the mixtures of
poly(dA) and s-SPG. Here, the mixture does not neces-
sarily means the complex, but it may just consist of s-
SPG and polynucleotide, individually. Hereinafter, we
denote the complex and mixture as poly(dA)/s-SPG and
poly(dA) + s-SPG, respectively. s-SPG is CD inactive
at this wavelength, so that all change in CD should be
ascribed to confortnational changes in poly(dA).

In panel (a-1), there is considerable spectral differ-
ence between poly(dA) and poly(dA)/s-SPG. The spec-
trum of poly(dA) exhibits a typical feature for Sgs—
Saa, showing a strong negative band at 250 nm and a

Polym. J., Vol. 35, No. 9, 2003
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weak positive band at 280 nm. Poly(dA)/s-SPG demon-
strates an exciton-couple type band, showing a strong
positive band at 283 nm and a new negative band at
265nm. In the previous communication.’ this spec-
trum was denoted as HL (see appendix) and, as far as
we know, we have never seen such a spectral shape for
poly(dA) and its derivatives. This is characteristic of
the poly(dA)/s-SPG complex. On considering the ori-
gin of the CD spectrum in this range, the appearance
of the new spectra suggests that the spatial relationship
between the adjacent adenine moieties is drastically al-
tered upon the complexation. The movement of the
adenine in poly(dA) is achievable because the pucker-
ing in poly(dA) is C2’'-endo. Thus the rotation around
the glycosidic bond is allowed. Although determination
of the exact torsional angel is impossible from CD data,
the vanishing 250 nm negative band (characteristic of
anti for both C2'-endo and C3'-endo) suggests that the
syn form is one possibility for this novel CD pattern in
the complex. We can thus conclude that the complexa-
tion induces the movement of the adenine from ant: to
a completely new form (maybe syn); as a consequence,
the CD spectrum is drastically changed on the complex-
ation. The spectral changes upon the complexation for
poly(dA) are quite contrast with poly(A) (d-1) in which
the complexation does not change the spectral shape
but it only enlarges the intensity. This contrast between
poly(A) and poly(dA) can be ascribed to the difference
in the ribose puckering between poly(A) and poly(dA);
therefore, the puckering in poly(A) is C3’-endo so that
only anti is allowed.

At 95°C in the non-salt and neutral solution, the
poly(dA) in the complex undergoes conformational
transition HL to H before the dissociation of the com-
plex. Panel (a-2) presents the CD spectrum for H at
60°C (dotted line), clearly showing considerable dif-
ference from HL (dotted line in a-1). Comparing with
the CD spectrum of Sgs—Nga reported by Olsthoorn et
al.,'® H is identical to their spectrum, having a strong
negative band at 250 nm and a strong positive band at
260nm. Therefore, H can be ascribed to a poly(dA)
conformation containing C3’-endo and anti as a minor-
ity among the majority of C2’-endo and anti.

Salt Concentration Dependence of the Poly(dA) Con-
formation

When we increased KCl concentration at 5 °C (com-
pare (a-1), (b-1), and (c-1) in Figure 3), the poly(dA)
spectrum (solid line) increases the intensity around
275nm with maintaining the 250 nm negative band.
This indicates that there is a new conformation in the
higher salt solution. Hereinafter, we label it as SA.
In comparison of the solid lines between (c-1) and (d-
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1}, the overall spectral shape of SA is quite similar to
that of poly(A). In the previous work,! poly(A) takes
C3’-endo and anti, so that the similarity suggests that
poly(dA) also takes C3’-endo and anti in the 2M and
1M KCl solution. This is a reasonable conclusion from
the standpoint that the salts reduce the electrostatic re-
pulsion between the phosphate anions. The distance be-
tween the adjacent phosphate anions is about 5.9 A in
C3'-endo, while it is 7.0 A in C2’-endo. Therefore, in
the non-salt solution, C2’-endo is more preferable than
C3’-endo and this seems the main reason why poly(dA)
takes C2'-endo in the non-salt solution. When a suit-
able amount of salts is added, the electrostatic repulsion
becomes less important and other factors determine the
conformation. ‘

When we examine the salt-concentration dependence
of the spectrum for poly(dA) at 5 °C [solid lines in (a-
1), (b-1), and (c-1) in Figure 3], the spectrum changes
from Sa to SA between 0 and 1 M KCl. The com-
plex maintains HL at 1 M KClI and the spectral change
occurs between 1 and 2M. In 2M KCl, the spectrum
of the complex seems to consist of H and SA. This in-
dicates that the poly(dA) chain in the complex takes
almost C3'-endo and anti in 2M KCl. When we in-
creased temperature in 2M KCI, H was maintained and
the 275 nm positive band disappeared, indicating that at
2M KCI, the H conformation dominates at all temper-
atures. Therefore, there is no conformational transition
on heating in the 2 M KCl solution.

Figure 4 summarizes the salt concentration depen-
dence of the CD spectrum of poly(dA)s-SPG, com-
pared with that of poly(dA). At the low temperature
and low salt concentration, the poly(dA) in the complex
takes the HL form, which is estimated to be C2'-endo
with the different torsional angle from the anti form.
With increasing temperature, HL changes to H, which
bears characteristics of C3"-endo and anti as a minor-
ity among the majority of C2’-endo and anti (i.e., Sga—
Nga). When the salt concentration is increased, the
spectrum changes to combination of SA and H, with
disappearing HL at 5°C and H form is dominated at
60°C.

Melting Behavior of the Complex and Comparison with
Poly{dA)/Poly(dT) Duplex

Figure 5 compares the temperature dependence of
UV absorbance at 257 nm for poly(dA), poly(dA) +s-
SPG in non-salt and neutral, and poly(dA)+s-SPG in
2M NaCl. For poly(dA), the absorbance increases with
increasing temperature, due to the decrease in the helix
content in the original C2'-endo and anti form. ! 1% 13.16
For poly(dA) + s-SPG in non-salt and neutral, the ab-
sorbance at 0 °C is lower than that of poly(dA) because
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Figure 5. Temperawre dependence of UV absorbance at
257 nm for poly({dA), poly(dA) + s-SPG in the non-salt and neutral
solution, and poly(dA) + s-SPG in 2 M NaCl,

of the hypochromic effect due to the complexation. On
heating, it stays at a lower value than that of poly(dA)
at T = 0-50°C, then increases to the same value with
poly(dA), and again shows the lower absorbance than
that of poly(dA) in T =60-95 °C before the dissociation
of the complex. The disappearance of the hypochromic
effect is consistent with the conformational transition
before melting. In sharp contrast to the non-salt and
neutral solution, the complex in 2M NaCl dose not
show such disappearance. There is thus no conforma-
tional transition.

Figure 6 plots Ty, against NaCl concentration com-
paring between poly(dA)Ys-SPG and poly(dA)
poly(dT). When NaCl concentration is less than 5§ mM,
there is no hybridization for the poly(dA)+ poly(dT)
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100

80 B
poly(dA)/s-SPG complex

[s] ¢)
o o]

poly(dA)/poty(dT) duplex

0 R .
0.001 0.01 01 1
NaCl concentration /M

Figure 6. Comparison of NaCl concentration dependence of
T for poly(dA)/poly(dT) duplex and poly(dA)s-SPG complex.

mixtures, Because both poly(dA) and poly(dT) are
polyanions, so that the electrostatic repulsion between
the cations has to be shielded by salts in order to form
the duplex.!: 17! With increasing NaCl concentration
([NaCl]), Ty, increases 100°C at [NaCl] = 2M. T,
of the complex is insensitive to [NaCl], compared to
the poly(dA)/poly(dT) duplex. For the complex, Ty,
increases from 63 to 75 °C when [NaCl] increases from
0 to 2 M. This may be the schizophyllan chain having
no electrical-charge so that there is no electrostatic
repulsion between s-SPG and poly(dA). The small
increment in T, in the complex is contrast to that of
PNA/DNA complex, in that T, decreases slightly with
increasing [NaCl).!%20 PNA is a peptide nucleic acid in
which the phosphodiester backbone has been replaced
by a pseudo-peptide chain, so that there is no electronic
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Figure 7. Temperature dependence of the CD spectra for poly(dA) and poly(dA}) +s-SPG in (e) 10% formamide and (f) D;O sclution,

change in the chain.?! The reason for increase Ty, with
increasing [NaCl] is not clear, but possibly related to
the conformational change in poly(dA).

Addition of D20 or Formamide

Figure 7 shows the temperature dependence of the
CD spectra for poly(dA) and poly{dA) + s-SPG in aque-
ous solution containing 10vol% formamide/DMSO
and in D,O/DMSO. Formamide cleaves the hydro-
gen bonding. Poly(dA) decreases the CD intensity at
250nm, suggesting decrease in the helix content. As
shown in (e-1), the CD spectrum of the complex in the
formamide solution at 5°C is quite similar to that of
the non-salt and neutral solution at 60 °C. On compar-
ing (e-1) and (a-2), formamide induces the same effect
as increasing temperature. The addition of formamide
enlarges the H conformation range.

When we exchanged the solvent for D,O (Figure 7
(f-1)), the CD spectrum at 5 °C is essentially the same
as that of the H,O system. However, the HL form is
not replaced by the H form at 60 °C (see (f-2)) and the
transition temperature form HL to H can be evaluated
to be 72 °C, which is 12 °C higher than that of the H;O
system. Therefore, DO induces the same effect as de-
creasing temperature.

SUMMARY

The relationship between the conformation and sol-
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vent for the poly(dA)s-SPG complex was exam-
ined. The diverse and complicated CD spectra for the
poly(dA)/s-SPG complex can be explained by the con-
formational diversity of the ribose puckering and the
freedom of the torsional angle of the glycosidic bond
for the adenine. This new sight should broaden our
horizon to understand the novel interaction between
polysaccharides and polynucleotides.

APPENDIX

Figure 8 shows the CD spectral change on heating
for the poly(dA)s-SPG complex. The spectra at 0°C
are different from those reported in the previous pa-
per. The previous HL spectrum had a small negative
band at 250 nm, whereas, the present one, a positive
shoulder around 250nm. The low temperature spec-
trum for poly(dA)/s-SPG (i.e., HL) was subsequently
found to depend on annealing conditions. The longer
annealing time provides the smaller negative band at
250nm and one week is sufficient for saturation. In
this work, all samples were left at 5°C for at least one
week and longer than one week did not provide an ap-
preciable change in the CD spectrum. As shown in the
figure, the spectra obtained in the temperature range of
0-60°C (upper panel) have isosbestic points at 257 and
280 nm, and those at 65-90°C (lower panel) have isos-
bestic points at 254 and 270 nm. The upper panel is
totally different from the lower panel. These isosbestic
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Figure 8. Temperature dependence of the CD spectra for
poly(dA)+s-5PG in non-salt and neutral solution. Upper panel
shows the changes between 0—60°C and the Jower panel, 65-90°C.

points indicate that the CD spectrum involves two com-
peting conformations in equilibrium and one conforma-
tion becomes dominant on heating. Figure 8 thus con-
firms the poly(dA) chain in the complex undergoes a
conformational transition on heating below Ty, of the
complex, and the low and high temperature forms are
- designated as HL and H, respectively.
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Abstract

Schizophyllan is a f-(1 —3)-D-glucan and can form a novel complex with some single-chains of DNAs. As the preceding paper
revealed, the polynucleotide bound in the complex is more stable to nuclease-mediated hydrotysis than the polynucleotide itself (i.e.,
naked polynucleotide). This paper examined possibility to apply this complex to an antisense DNA carrier, using an in vitro {cell-
free) transcription/translation assay. In this assay, we used a plasmid DNA coeding a green fluorescence protein (GFP) and an
antisense DNA designed to hybridize the ribosome-binding site in the GFP-coded mRNA. When the antisense DNA was
administered as the complex, a lower GFP expression efficiency (or higher antisense effect) is observed over naked DNA. This is
because the antisense DNA in the complex is protected from the attack of deoxyribonuclease. When exonuclease I, which specifically
hydrolyzes single DNA chains, was present in the GEP assay system, the antisense effect was not changed for the complex while
being weakened in the naked antisense DNA system. These results imply that the exonuclease 1 cannot hydrolyze the antisense DNA

in the complex, while it can hydrelyze naked DNA to reduce its antisense effect.

© 2003 Elsevier Ltd. All rights reserved.

Keywords: Antisense: DNA; Gene expression; Polysaccharide; Complexation

1. Introduction

Schizophyllan is an extracellular polysaccharide
produced by the fungus Schizophyilan commune and
the main chain consists of §-({ — 3)-p-glucan and one §-
(1 —6)-D-glycosyl side chain links to the main chain at
every three glucose residues [1]. Schizophyllan adopts a
triple helix conformation in water and a random coil in
dimethylsulfoxide (DMSO) {2,3). When water is added
to the DMSO solution (renaturation), the triple helical
structure can be partially retrieved through this process,
although the entire chain structure may not be the same
with the original triple helix [4,5). Recently, Sakurai and
Shinkai [6,7] found that the schizophyllan single chain
(s-SPG') forms a macromolecular complex with some
homo-polynucleotides, when the polynucleotide is pre-

*This paper is the 20th paper in the series of polysaccharide/
polynucleotide complexes.
*Corresponding author.
E-mail address: sakurai@eav.kitakyu-u.ac.ip (K. Sakurai).
'In this paper, s-SPG and t-SPG stand for single chain of
schizophyllan and natural triple helix of schizophyllan, respectively.
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sent in the renaturation process. Their subsequent paper
[8] reveals that the polynucleotide bound in the complex
1s more stable to nuclease-mediated hydrolysis than the
polynucleotide itself (i.e., naked polynucleotide), using
both high-performance liquid chromatography and
ultraviolet absorbance methods. This low hydrolysis of
the complex suggests that s-SPG is applicable to an
antisense oligonucleotide (AS ODN) carrier.

In this paper, we attempted to further evaluate the
capability of the complex to act as an AS ODN carrier,
using the pQBI63 vector as a rcporter gene in
Escherichia coli TT 830 extract solutions. The pQBI63
vector contains the gene to code a red-shifted green
fluorescence protein [9-11] (hereinafter we simply call it
GFP) and the GFP<oding region is under the control of
a T7 promoter [11]. Since the E. coli T7 530 extract
solution contains the T7 RNA polymerase, essential
amino acids, and other all necessary components for
translation, once the pQBI63 was added to the extract
solution, the GFP-coding mRNA is produced, and
subsequently GFP is produced. This system is called
“in vitro cell-free transcription/translation assay” and
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have been shown very useful for antisense assays
[12-14]. We applied this established assay method to
our s-SPG complex to evalvate how the complex
enhances the antisense effect.

2. Experimental
2.1. Materials

Taito Co. Ltd. (Japan) kindly supplied a fractionated
triple-helix schizophyllan sample. The weight-average
molecular weight (M) and the number of repeating
units were found to be 1.5x 10° and 231, respectively
[6,7]. Polyethyleneimine (PEI) with 80kDa (Fluka),
dextran (M, = 10%) (Wako), and amylose (M, =
2800) (Wako) were used without further purification.
E. coli SK4258 originated exonuclease 1 (Exonuclease I)
was purchased from Pharmacia. The pQBIl63 vector
was purchased from Takara, and the E coli T7
$30 extract solutions were purchased from Promega
[12] and Novagen [15). The antisense sequence
(CTTTAAGAAGGAGATATACAT) was used to hy-
bridize the ribosome binding site (the antisense of
binding site is underlined, see Table 1) [13,16]. We
found that s-SPG cannot bind the antisense sequence
itself, because of the short sequence length {17). Since we

already knew that a certain length of poly(dA) is.

necessary to bind to s-SPG [17)], we added a poly(dA)
tail [poly(dA);y or poly(dAls] to the end of the
antisense sequence as shown in Table | and used four
different AS ODN samples (denoted by ANTI, ANT2,
ANT3 and ANT4). All AS ODN samples were
synthesized at Hokkaido System Science (Japan).

2.2. DNA complexation

50 ug of each ANT sample (i.e., ANT1, ANT2, ANT3
and ANT4) was dissolved in 10 mM Tris buffer (pH 8.0)
containing 50mM KCL. A s-SPG/DMSO solution with
an appropriate concentration was added to each ANT
solution so that the water volume fraction was always
0.9 after mixing. In most cases, the molar ratio
(MospG/Mant) was controlled to 1.0, where M.spg
and Mant are the repeating molar concentrations of
s-SPG and ANT, respectively. Only for ANTI,
M.spg/ Mant Was changed to 0.1, 0.25, 0.5, 0.75, 1.0,
2.0, 3.0, and 4.0 in order to optimize experimental
conditions. After the s-SPG+ ANT? mixture was left at
5°C for 24h to allow the complex to form, DMSO was

R ——

n this paper, s-SPG + ANT stands for 2 mixture of ANT and s-
SPG, and does not necessary mean the complex. This can be just a
mixture of the two components without any complexation. In faet, s-
SPG + ANTZ does not form a complex. However, the ANTI, ANT3
and ANT4 mixtures essentially only consist of s-SPG/ANT complexes

8l

Table 1

AS ODN samples and their sequences used in this study

Name Sequence Size
(bases)

Antisense CTTTAAGAAGGAGATATACAT 21

ANT1 CTTTAAGAAGGAGATATACAT-dAg 6l

ANT2 dA2-CTTTAAGAAGGAGATATACAT-dAy 61
ANT3 dA4-CTTTAAGAAGGAGATATACAT-dA, 101
ANT4 dA4-CTTTAAGAAGGAGATATACAT 61

The binding site is underlined, which is designed to hybridize the
ribosome binding site of the T7 promoter system {13,14,16].

removed by ultra-filtration (3000 M., cut off, Millpore).
After filtration, the final concentration of ANT was
determined by ultraviolet absorbance.

The preceding paper [8] employed gel electrophoresis
and spectroscopic methods to show that s-SPG can form
complexes with both ANT| and ANT2, while ANT3
cannot. This difference in the complexation ability is
ascribed to differences in the length of the poly(dA) tail
[17]. We did not directly examine whether ANT4 forms
the complex since ANT4 has the considered poly(dA)ay
tail on its 5 end.

2.3, In vitro transcription/translation assay

A known in vitro cell-free transcription/translation
assay was performed, using the pQBI63 vector in E. coli
T7 S30 extract solutions (Promega or Novagen). The
pQBI63 was amplified in E. cofi BL21{DE3) (Novagen)
and purified with a Plasmid Midi Kit (Qiagen}. 1 pug of
pQBI63 plasmid was added to 50 ul of the E. coli T7 S30
extract solution and. the resultant solution was incu-
bated at 37°C. In this condition, after 30min, the
plasmid DNA (i.e, pQBI63) started to express a
sufficient amount of GFP, enough to provide appreci-
able fluorescence intensity. We adopted this protocol as
the standard. To evaluate ANT /carrier antisense effects,
the ANT sampiles or their s-SPG complexes were added
to the standard. Usually, 10 pg of ANT was added to the
standard. The total amount of the carrier complex was
changed so as to maintain 10pug of total ANT in an
assay. The amount of GFP expressed was evaluated as
the fluorescence intensity at 507 nm (excited at 463 nm)
with a Hitachi F4500 fluorescence spectrometer.

According to Promega Technical Notes [18}, “linear-
ization significantly reduces the expression of the
luciferase gene in the T7 S30 system. This reduction is
a result of exonuclease activity in the T7 S30 system™.
Therefore, Promega’s E. coli TT 830 extract solution
contains some amount of nuclease. This situation is
convenient to examine how the s-SPG/ANT complex
protects the bound AN ODNs from nuclease-mediated
hydrolysis. Thus, we decided to compare antisense

511
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effects between naked ANT and the s-SPG/ANT
complex using the Promega E. coli T7 830 system.

In the next step, we examined the antisense effect
when intentionally added Exonuclease 1 (0.2 or 0.5
units/ml) to the system. This examination needed a
completely nuclease-free {or nuclease-inhibited) T7 S30
extracted solution. For this purpose, we used Novagen's
E. coli T7 830 extract solution. According to their
technical note [15] {EcoPro™ System), “The EcoPro
System will function with a variety of DNA templates
containing T7 or E. coli promoters upstream from
coding sequence, including super-coiled, liner DNA and
PCR products.” Thercfore, Novagen’s E. coli T7 530
extract solution can be considered practically nuclease-
free. In fact, our data (Fig. 4) confirm that there is no
detectable amount of active nuclease left in the extract
solution.

3. Results and discussion
3.1. Antisense effect and incubation time

To determine the optimal incubation time to compare
antisense effects, the following three typical systems:
pQOBI&3 itself (control), a mixture of pQBI163 and ANTI
(naked AN ODN}, and a mixture of pQBI63 and s-SPG/
ANTI1 (complex) were examined. We added cach of
them to Promega's E. coli T7 530 extract solution and
measured GFP expression efficiency (Egrp) against
incubation time. The results are presented in Fig. 1.
Here, Egrp is defined by dividing the measured
fluorescence intensity of each assay by that of the
control incubated for 3h. As shown in the fipure, GFP
expression seems saturated after 2-3h. When three
combinations are compared after 3h, Egrp for the
naked ANTI (in the figure denoted by pQB163 + ANT1}
is reduced to 70% of the control, and to 50% of the
control for the pQBI63+5s-SPG/ANT] complex.
Although the data are not plotted, a mixture of pQBI63
and s-SPG (without ANT) shows almost the same
features as the control, indicating that the presence of s-
SPG in the system provides no influence on GFP
expression (see below for details).

In the E coli T7 S30 extract solution, sufficient
amounts of NTP (nucleoside triphosphates), essential
amino acids as well as other necessary components for
protein expression exist [12]. Furthermore, AN ODNs
should not consume those components or inhibit their
functions, except through the GFP expression. There-
fore, the saturated values of Egpp in Fig. | should reflect
the total amount of the mRNA translated to GFP.
Thus, lower Egpp values for pQBI63+s-SPG/ANTI
and pQBI63+ ANT1 over controls can be explained by
antisense effects [13,14]. Furthermore, differences be-
tween pQBI63+ANT! and pQBI63 +s-SPG/ANT]
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Fig. 1. Anti-sense affects on GFP expression effictency (Eggp) during
incubation at 37°C in the E. coli T7 S30 extract system (Promega).
pQBI template DNA system (control), filled circles; pQBI+ ANTI,
unfilled squares; pGBI+ ANT1/s-SPG, unfilled circles. 1 pg of pQB1 63
was added 10 S0ul of E. coli extract solution and incubated. Egpe is
defined by dividing the measured fluorescence intensity by that of the
control (incubated for 3 h).

should be related to the presence of the complex. After
incubation for 3h, Egpp seems saturated for all three
systems. Therefore, hereinafter, only Egrp after incuba-
tion for 3h was compared.

3.2. Comparison of the GFP expression efficiency using
carriers and ANTs

Fig. 2 summarizes GFP expression efficiencies (Egep)
(incubation time is 3h for all measurements; Eggp is
defined by dividing the measured fluorescence intensity
by that of the control). The control is indicated as the
filled bar [pQBI63, Control (1)] in the histogram of
Fig. 2. To examine whether polysaccharides interfere
with the assay system, we added 50pg of each
polysaccharide (dextran, amylose, triple helix of schizo-
phyllan or single chain of schizophyllan) to the
standard; Fig. 2 assays (2(5). By comparing them, it
is clear that simple presence of those pelysaccharides
does not provide any interference to normal GFP
expression. When we added each ANT sample to the
standard (ANTI1;{6), ANTZ;(7) and ANT3 (8)), values
for Egrp are reduced to about 75% of the control. This
reduction should be ascribed to antisense effects. There
is no significant difference among the three ANT
samples, showing that the antisense effect is nearly the
same for all three samples. The assays from (9) to (16)
present the M spg/Mant dependence of Egep for the
ANTI1 +5-SPG system. This series of assays shows that
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Egrpp decreases with increasing the s-SPG molar ratio,
and reaches a minimum at M;gpg/Mant = 1.0, then
increases. When M.spg/ManT =4, the assay solution
was opaque due to precipitation. Poor solubility or

+80kDa PEX{100ng)( (23}

precipitation was sometimes observed when the assay
mixture contained excess s-SPG to polynucleotides. The
increment in Egpp in the assays (14)~(16) in Fig. 2 can be
ascribed to presence of the insoluble component of the
complex. Since the lowest Egpp is attained at
MspG/Mant = |, all measurements were carried out

at this composition (including the preliminary examina-

AT +80K02 PEISH) (22) tion in Fig. 1).
ANT1480kDa PEI(10u) (21} As aiready shown [8), ANT2 cannot bind the s-SPG
+80kDa PEK10ug}| (20) due to the short poly(dA) tail. This fact can then explain
s-SPG+ANT3 (19} why there is no difference in Egrp between naked ANT2
+5PG+ANT2((18) (assay (7)) and the mixture of ANT2 and s-SPG (assay
5-SPG+ANT (18)). On the other hand, ANTI and ANT3 do form
40 complexes with s-SPG. When ANTI and ANT3 are
30 added as the complex (assays (17) and (19)), Egrp is
spaeant| 2° drastically reduced. To confirm whether these differ-
changingthe | 1.0 ences in FEgpp between naked ANTs and complexed
molar 2ty 7 ANTs are statistically different from each other, we
05 calculated the dispersion and r-value (Table 2). The
025 results clarifies that the averaged Egpp between naked
o ANTs and complexed ANTSs are statistically different.
) The Promega E. cofi T7 830 extract solution is well-
ANT3 known to contain some amount of nuclease. Thus,
ANT2 protein expression from liner DNAs is significantly
ANT1 reduced because of DNA hydrolysis [18]. Therefore,
+dextian when ANTSs are added to this system, they should also
+amylose suffer hydrolysis from intrinsic nuclease activity. Our
+8PG previous paper revealed that nuclease-mediated hydro-
1SRG lysis of polynucleotides is drastically reduced in the
: ‘ngffn complex [8]. Furthermore, we have directly proven that

Eqep 1%

{relative GFP flucrescence intensity)

Fig. 2. Comparison of GFP expression efficiency (Egre) after
incubation for 3h, assay (1) pQBI template DNA only (control),
1 kg of pQBI €3 added 10 50 pl of E. coli extract solution. Assays (2
(5): each polysaccharide (100 g} was added to the reference, t-SPG
and s-SPG refer to triple helix and single chains of schizophyllan,
respectively. Assays (63(8): 10ng of each ANT was added to the
standard. Assays (9)~{16): the mixture of s-SPG and ANTI (complexes
formed) were added 1o the standard numbers on the left-hand side
show the M,.spq/Mant molar ratio. Assays {17)-(19): comparison of
ANT1+5.8PG (complex), ANT2+s-5PG  (no complex), and
ANT3+5-SPG (complex). (20): 10pg of 80kDa PE! (polyethylenei-
mine) was added to the standard. Assay (21): 10pg of ANT1 was
mixed with 10pg of 80kDa PE! and the mixture was added to the
standard. Assay (22): 10pug of ANT1 was mixed with 25 pg of 80kDa
PEI and the mixture was added to the standard. Assay (23): 100 g of
80kDa PEI was added to the standard.

both s-SPG/ANTI1 and s-SPG/ANT?3 complexes show a
lower hydrolysis rate than the corresponding naked
ANTs [8). Considering these two facts (presence of
nuclease in the system, and low hydrolysis of complexed
nucleotides), the low Egrp for the complex can be
explained by s-SPG protection of bound ANT and
increased amount of ANT to bind mRNA, resulting to
prohibit GFP expression.

PEI is used as an AS ODN positive control carrier,
with 10 ug of PEI to 1 pg of pQBI63, and determination
of Egrp. As shown in Fig. 2, assay (20), Egrp is reduced
to 80%. It should be pointed out that even though no
ANT is present, Egrp is decrcased in this PEI case. We
also found that the solution becomes slightly opaque
when PEI is added to the pQBI63 solution. This is
probably due to complexation between cationic PEI and
anionic pQBI63. Therefore, the observed reduced Egrp

Table 2
Statistical analysis of the antisense test for the assays (6)7) and (17){(19) in Fig. 2

ANTI ANTI +5.8PG ANT2 ANT2 +5-SPG ANT3 ANT3+s-5PG
Average 56.4 74.5 740 75.3 54.0 75.3
Dispersion 43 4.3 2.5 2.9 6.5 4.3
n 5 4 5 4 5 4
t-value 151 3.9 15.4
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can be ascribed to the reduced plasmid. This interaction
becomes more prominent when 100 pg of PEI are added
to 1 pg of pQBI63, thus Egrp in assay (23) is lower than
that of assay (20). Polyion complexes between ANTI
and PEI according to a literature protocol [19] produce
antisense effects, in assays (21) and (22). When 10pg of
ANTI and 10 ug of PEI are mixed (assay 21), Egpp was
reduced to 70%. This means that the same antisense
effect is present in the presence of PEI to some extent.
However, when PEI is increased to 25 ug (assay 22), the
solution becomes more turbid than assay 21 and Egrp
increases. PEI is known as an AN ODN carrier;
however, poor solubility is a problem [19,20]. The
present work confirms this problem in PEI and shows
the superiority of s-SPG as an AN ODN carrier.

3.3. Nuclease protection mechanism

Fig. 3 compares Egep when Exonuclease 1 was
intentionally added to the Promega E. coli T7 830
extract solution. Results show that Eggp is unchanged
for the complex (indicated by “protection by s-SPG" in
the figure). On the other hand, it is increased for naked
ANTIL. Since Exonuclease 1 specifically hydrolyzes
DNA single-chains, ANTI suffers serious hydrolysis
when Exonuclease [ is added, accounting for Eggep
increase with the addition. It is interesting that there is
no difference in Egep when Exonuclease [ is added to
the ANTI1/s-SPG complex. This feature suggests that
ANT! is protected from nuclease hydrolysis by the
complex.

To examine how the s-SPG complex protects bound
AS ODNs, we performed on antisense assay in a
nuclease-free E. coli T7 830 extract solution. Novagen’s
E. coli T7 830 extract solution is available for finear
DNAs and PCR products, which means it must be
practically nuclease-free or inhibited [15]. The assay
results are presented in Fig. 4. Here, we used the same

ANT1 + Exonuclease 1 m—l )
protection by s-SPG

+ ANTY [rieieile

ANT1 + Exonuclease | m—‘

naked ANT1
+ ANT1
pQB! 63
{control) n n )
50 60 70 80 90 100
Egrr /%

Fig. 3. Comparison of GFP expression efficiency (Egpp) between the
ANT!/s-SPG complex and naked ANT! when Exonuclease 1 was
added to the standard.
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Fig. 4. Effcct of addition of Exonuclease I on Egpp, comparing naked
ANT and the ANT/s-SPG complexes. Control; pQBI tempiaie DNA
in Novagen's E. coli T7 S30 extract solution. 0.2 and 0.5 unit/ml
Fxonuclease I was added to the naked ANTI: (assays a2, a3), to naked
ANT4: (assays ¢2, c3), to the s-SPG/ANTI complex: (assays b2, b3)
and to the s-SPG/ANT2 complex: (assays d2, d3).

conditions as those of Figs. 2 and 3, except for using
ANT4 and Novagen's E. coli T7 830 extract solution.
When Exonuclease I was not present the values for Egrp
are almost identical for naked ANTs and their
complexes (assays (al), (bl), (c1) and (d1)). This feature
is different from results in Fig. 2, confirming that
Novagen's E. coli T7 530 extract solution is practically
nuclease activity-free. When Exonuclease I was added to
the system, Egpp is increased for the naked ANTSs:
(assays (a2, a3) and (c2, ¢3)) as expected. On the other
hand, Egrpe is unchanged by addition of Exonuclease I
for the complex: (assays (b2, b3} and (d2, d3}). These
results support that the s-SPG complex protects the
bound AS ODNs to a great extent.

ANT!] has the poly(dA) tail at the 3’ end, while ANT4
has this tail at the 5 end. Exonuclease I hydrolyzes
single strand DNA from the 3’ end. Therefore, when
exposed to Exonuclease I, ANT4 is expected to be more
susceptible to hydrolysis and inactivation than ANTI.
In fact, when Fig. 4 assays (al-a3) are compared with
(c1—c3) carefully, Egrp is increased more for the naked
ANT4 than naked ANT]. This difference is ascribed to
that position difference of the antisense vs. poly(dA)
sequence. Additionally, we have evidence to prove that a
stable complex is formed between poly(dA) and s-SPG
{17), and that the short antisense sequence itself (see
Table 1) does not bind specifically to s-SPG. However,
for the ANT-poly(dA) fused DNA we do not know
whether the hetero sequence component of ANTI or
ANT4 is involved in the complex. If the hetero sequence
(i-e., antisense part) is not involved in the complex, it
should be more vulnerable than the poly(dA) tail to
nuclease digestion In particular, the antisense sequence
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located at 3’ end of ANT4 should be the most vulnerable
part because Exonuclease 1 hydrolyzes from this end.
However, no significant difference in Egpp is observed
between ANTI1+s-SPG and ANT4 +s-SPG(see Fig. 3
assays (bl-b3) and (d1-d3)). One explanation is that the
protective s-SPG complexed close to the heterosequence
spatially hinders Exonuclease I approach to the DNA.
From only this result, it may be premature to conclude
that the heterosequence is involved in the complex
between the poly(dA) tail and s-SPG.

To sum the AS ODN protection mechanism proposed
for the preset system, Fig. 5 schematically presents our
model. Once the AS ODN and s-SPG complex is
formed, it protects the bound AS ODN from nuclease
attack. Surviva! of the AS ODN to complex target
mRNA is increased, thus inhibitis GFP expression over
that observed in the naked AS ODN system. This model
supposes that the complexed AS ODN is released form
the complex when it meets the target mRNA, which
means that the binding constant of s-SPG/AS ODN
must be less than that of AS ODM/target mRNA. In
fact, we found that takeover reaction from s-SPG/
poly(A) to poly(A)/poly(T) can be completed in 20 min,
suggesting our hypothesis being right. We have clarified
this issue in the related paper [21].

8-8PG AS ODN
Template +
DNA

complexation

protection

&~
hybridization /\ ,

nucleasa

mAN /
&nhibﬁim _

fluorescence

Fig. 5. A schematic illustration to explain the enhanced antisense
eflfect observed in the present system. The template DNA (pQBI63)
produces the GFP-coding mRNA by transcription and the mRNA is
translated to GFP. When AS ODN (antisense oligonucleotide) is
added to ‘this system, the AS ODN binds to the mRNA, inhibiting
translation. However, some AS ODNs are hydrolyzed by nuclease.
When 5-SPG is added to AS ODN, they form a complex. Complexes
between AS ODN and s-SPG protect the bound AS ODN from
nuclease attack. Levels of intact, surviving AS ODN reaches the target
mRNA are increased. This means that inhibition of GFP expression is
more enhanced than for the naked AS ODN system.

4. Concluding remarks

We conclude that s-SPG/AS ODN complexes are
usefu! as antisense DNA carriers to reduce nuclease-
mediated hydrolysis. We successfully demonstrate that
AS ODNs in the s-SPG complex exhibit reduced GFP
expression efficiency (or higher antisense effects) than
that of nmaked DNA. When Exonuclease I, which
specifically hydrolyzes single DNA chains, was present
in the assay system antisense effects are unchanged for
the complexes, but significantly weakened in the naked
antisense DNA system.
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Complementary-Strand-Induced Release of Single-Stranded DNA Bound in the
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Spectroscopic properties of single-stranded DNA/schizophyllan ternary complexes (ss-DNA - 2s-SPG),
induced by addition of either complementary or noncomplementary strands, have been investigated. The
addition of the complementary strands to ss-DNA - 25-SPG induced the quick release of the bound ss-DNA to
the complementary strands (both DNA and RNA), whereas the ternary complex was unaffected upon addition
of noncomplementary strands. Qur experiments impty that SPG has complexation properties indispensable to
the gene carriers. As far as we know, there is no report on exploitation of such nonviral gene carriers that can
accomplish an intelligent release of the bound ss-DNA toward the complementary strands. We believe,
therefore, that SPG, a natural and neutral polysaccharide, has a great potential to become a new ss-DNA carrier.

Introduction. ~ Schizophyllan (SPG) is an extracellular polysaccharide produced by
the fungus Schizophyllum commune. The main chain of SPG consists of 5-1,3-glucan,
and every third glucose unit has a §-1,6-glucosidic side chain [1][2]. The three chains
are twisted together to form a triple helix (t-SPG) in H,O, in which strong H-bonds
among the 2-OH groups are formed in the main chain [3-6]. It is known that the t-SPG
chain dissociates into a single chain of SPG (s-SPG), when dissolved in a denaturing
solvent such as dimethylsulfoxide (DMSO) [7]{8], and that the triple-helical structure
can be restored by exchanging DMSO for H,O ( Fig. 1) [9-11}. Such a unique property
has been made use of in the food and pharmaceutical industry, and for other purposes
[12-14].

OH -

HO 9]
OH OH OH
O
P e
1 oH OH OH |

Schizophyllan

Recently, we found that when the renaturation process is carried out in the presence
of certain single-stranded (ss) polynucleotides, s-SPG forms macromolecular com-
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plexes with the polynuclotides, as schematically shown in Fig. I [15]. Interestingly, the
complex dissociates in a cooperative manner upon heating, as if the polysaccharide
chain lacking any nucleobase behaves as the complementary strand [15][16]. In
addition, taking into consideration that I) these complexes possess different melting
temperatures [17] and 2) the minimum base length of polynucleotides to form
complexes is different in each nucleobase [17][18], it is clear that the H-bonding
interaction between polysaccharides and nucleobases plays an important role in
complex formation [16]. To the best of our knowledge, this is the first time that specific
interactions between neutral polysaccharides and polynucleotides has been evidenced
experimentally. Our further studies have clarified some of the novel properties on the
complex: I') polysaccharides possessing the 3-1,3-glucan main-chain structure can form
similar complexes [19][20]; 2) according to stoichiometric studies, the complex consists
of one polynucleotide chain and two polysaccharide chains [16]; and 3) the
polynucleotide chain bound in the complex is resistant against enzymatic hydrolysis
[21].

Renatumuon
Polynuclcondc
Denaturahon Complexatlon
s-SPG
t-SPG N Polynucleotide » 25-SPG

Fig. 1. Schematic illustration of the equilibria involved in the formation of the triple-helical complex between a
polynucleotide and schizophyllan (s-SPG)

Complex formation and dissociation can be controlled either by changing the pH of
the medium [22] or the ion species [23]). These properties are expected to be favorable
for industrial or biological applications such as gene separation and gene carriers. To
exploit the. ability of these complexes as gene carriers, we added the complementary
strand to the ss-DNA/s-SPG complex (ss-DNA -2s-SPG) and observed the spectro-
scopic changes induced by the addition of the complementary strands. For the peptide
nucleic acids (PNA) reported by Nielsen and co-workers [24-26], it is known that the
incorporation of PNA into double-stranded DNA induces the displacement of the
strands, resulting in the formation of DNA - PNA hybrids. In comparison to PNA, the
interaction between SPG and DNA (or RNA) is weaker, because the polysaccharide
does not provide any Watson—Crick or Hoogsteen base pairing. It is expected,
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therefore, that the addition of the complementary strands to the ss-DNA -2s-SPG
complex would induce properties different from those of the PNA and DNA systems.

Results and Discussion. — Relationship between Circular-Dichroism (CD) Spectra
and DNA Conformation. In this study, we chose the poly(dA -2s-SPG) complex as a
model system because /) the complex has the highest melting temperature among the
ss-polynucleotide - 2s-SPG complexes ( T,, =74°, [NaCl] = 150 mm) [27] and, therefore,
is considerably stable under physiological conditions, and 2) the CD spectra of
poly(dA) change drastically upon complexation with s-SPG [18] [27]. These properties
should make it easy to observe the spectroscopic changes induced by the addition of the
complementary strands to ss-DNA -2s-SPG. In general. it is rather difficult to judge
duplex formation only from a change in the corresponding CD spectra. Therefore, we
first evaluated the relationship between the CD spectral change in the poly(dA)/
poly(dT) system and their conformation by both UV and fluorescence spectroscopy. In
Fig. 2,a, the CD spectral changes upon duplex formation, induced by NaCl, of a
mixture of poly(dA) and poly(dT) are shown. At NaCl concentrations lower than
3 mM, the CD spectrum showed only two bands, a positive one at 280 nm, and a
negative band at 247 nm. With increasing NaCl concentration, the CD spectra
drastically changed: the negative 247-nm band became more intense, and two new
maxima appeared at 257 and 263 nm, respectively. We plotted the CD intensity of the
characteristic 247-nm band ( ©,,,) against the NaCl concentration, as shown in Fig. 2, b.
As can be seen, there is a strong decrease in 8,7 at 3-5 mM NaCl concentration, and
then a plateau is reached above 5 mm.

In order to assign the above CD spectral changes, we also recorded UV spectra at
varying NaCl concentrations. As shown in Fig. 2, ¢, the UV absorbance decreased with
increasing NaCl concentration, which can be ascribed to a hypochromic effect due to
duplex formation. This absorbance change also supports the view that poly(dA) and
poly(dT) form the duplex at NaCl concentrations above ca. 5 mu.

Fluorescence spectroscopy is another useful technique to evaluate duplex
formation. For example, ethidium bromide can intercalate into a poly(dA - dT) duplex,
giving rise to strong fluorescence (4., =330 nm, 4., =59 nm). In Fig. 2, d, the relative
fluorescence intensity of ethidium bromide/poly(dA)/poly(dT) as a function of the
NaCl concentration is shown. Enhancement of the fluorescence intensity Ir was
observed at NaCl concentrations higher than 5 mM, before the intensity gradually
decreased with increasing NaCl concentration. This decrease in fluorescence intensity
observed at high NaCl concentration is due to the decrease in the binding constant
between ethidium bromide and poly(dA - dT}, as shown by Maiti and co-workers [28].
All together, these findings reveal that poly(dA ) and poly(dT) form the duplex at NaCl
concentrations higher than ca. 5 mM. Under the same conditions, the CD spectra
showed a synchronized change, which prompted us to conclude that CD spectroscopy is
well-suited to follow duplex formation between poly(dA) and poly(dT).

Takeover Reaction of poly(dA) from the s-SPG Complex to poly(dT}. These
experiments were performed at a NaCl concentration of 150 mm, which is close to
physiological conditions. In Fig. 3,a, two possible scenarios are shown schematically
when poly(dT) is added to poly(dA -2s-SPG): I) takeover reaction of the poly(dA)
chain from the s-SPG complex to poly(dT) under poly(dA -dT) duplex formation, or
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Fig. 2. Influence of NaCl concentration on the speciral properiies of mixiures of poly(dA) and poly(dT). a) CD

Spectra {3-150mm NaCl); b) plot of the CD ellipticity at 247 nmt (E,4) vs. NaCl concentration; c) UVIVIS

absorbance (Abs) ar 260 nm; d) relative fluorescence intensity (I¢} at an emission wavelength of 590 nm.
Conditions: [Poly(dA)] ={poly(dT)] =37 um/repeating unit; T=137°.

II) retention of the triple-helical complex despite addition of poly(dT). In the first case,
the CD spectrum of poly(dA -2s-SPG) should change to that of poly(dA -dT) (solid
line in Fig. 3,b), whereas, in the second case, a spectral change from poly(dA - 2s-SPG)
to the averaged CD spectrum of the poly(dA - 2s-SPG)/poly(dT) mixture (dotted line
in Fig. 3, b), is expected.

The experimentally observed CD spectral changes upon addition of poly(dT) to
poly(dA - 2s-SPG) at 37° are shown in Fig. 3, c. Before the addition of poly(dT) (broken
lines), the CD spectrum was identical with that for poly(dA - 2s-SPG) [18], confirming
that the complexation was complete. Immediately after the addition of poly(dT), the
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Fig. 3. a) Schematic illustration of two possible scenarios upon addition of poly(dT) as the complementary strand

fo poly(dA) -25-SPG. b) CD Spectrum of poly(dA - dT) (solid line) and calcwlated CD spectrum of the mixture of

poly(dA)-2s-SPG and poly(dT) (dotted line). c) Time-dependent CD spectral changes after addition of

poly(dT) to poly(dA }- 25-SPG. Broken line: before addition of poly(dT); solid lines: CD spectra taken in 10-

min intervals after addition of poly(dT). Conditicns: [poly(dA))={poly(dT)}=37 um/repeating unit;
[s-SPG] =25 pm/repeating unit. *

spectrum changed drastically, indicating formation of poly(dA-dT). The takeover
reaction occured so quickly that the initial change could not be followed (ca. 75% of
poly(dT) had been hybridized with poly(dA) within 1 min).

Next, we evaluated salt effects. In Fig. 4, the change in CD ellipticity, — AB,,, is
plotted against reaction time for various NaCl concentrations. Here, — @,,, is defined
by subtracting the calculated CD ellipticity of the mixture of poly(dA -2s-SPG) and
poly(dT) proper from that at a given reaction time. At 3-mM NaCl concentration, the
hybridization between poly(dA) and poly(dT) cannot take place owing to the large
repulsion between the phosphate anions, so that there was no increment in — ACD,,,,
in contrast to higher NaCl concentrations. Judging from these experiments, it is obvious
that the takeover reaction commonly takes place whenever poly(dA) forms a duplex
with poly(dT).
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