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in the degree of polymerization), respectively. Poly(A) and poly(C) were purchased
from Amersham Pharmacia (Buckinghamshire, UK) and the degree of polymeriza-
tion, calculated from the reported sedimentation velocities [17], are 320 and 570, re-
spectively. RNase free, deionized, and distilled water, spectroscopic grade DMSO,
NaCl, and KCI were purchased from Wako Chemical (Osaka, Japan). A polynucle-
otide sample was mixed with s-SPG by adding a s-SPG/DMSO solution to a poly-
nucleotide/water solution. Hereinafter, we denote the mixture as poly(X) +s-SPG,
where X can be A or C. The water volume fraction in the water/DMSO mixture
(V.) was fixed at 0.92 for all measurements. The molar concentrations of s-SPG
(M,spc) and the polynucleotide (Mpoyx)) in the DMSO/water mixture were
1.0 x 10~ and 2.6 x 107*M, respectively. The apparent pH (pH*) of the DMSO/
water solutions was controlled by adding NaOH and HCI aquecdus solutions, and
monitored with a Horiba D-22 pH meter at room temperature. All the samples were
kept at 5°C for at least 3 days before the measurement.

Circular dichroism (CD) in 230-320 nm region was measured on a Jasco J-720WI
spectropolarimeter with a 1.0cm cell equipped with a water-jacket to control the cell
temperature. The measurements were carried out over the pH* range 4-10, the salt
concentration range 0-0.3 M, and the temperature range 5-70 °C. The molecular el-
lipticity ({]) was determined by conventional methods [14] and the [6] value at the
peak top or bottom position was denoted as (6], ..

3. Results and discussion
3.1. The apparent pH dependence of complexation

Fig. 2 compares the CD spectra between poly(C) and poly(C)+s-SPG at
pH® 4, 7, and 10 (from top to bottom). The CD spectra of two solutions (i.e., poly-
nucleotide itself and its mixture with s-SPG) are identical at pH* 4, but significantly
different from each other at pH* 10 and 7. Furthermore, the poly(C) spectrum at
pH" 4 is different from those of poly(C) at pH" 10 and 7, suggesting the presence
of a transition between pH" 4 and 7. Fig. 3 presents the CD spectra of poly(A)
and poly(A) +s-SPG at pH"* 4, 7, and 10. Similar to the poly(C) system, the spectra
of poly(A) and poly(A) +s-SPG are identical at pH* 4 and different at pH* 7 and 10,
and the poly(A) spectrum changes with increasing pH* from 4 to 7.

The s-SPG sample has no absorption in the 230-300nm region where the CD
measurements were carried out. Therefore, the CD spectrum in this region is related
to chirality of the polynucleotide chains, particularly to how the base moieties stack
in the helix [16]. Previously, we examined the CD spectra for the poly(A) and poly(C)
systems at pH' 7 and found that the difference between polynucleotide itself and its
mixture can be ascribed to the fact that the polynucleotide and s-SPG form a mac-
romolecular complex [13~15]. Since each spectrum at pH* 10 for the mixture is iden-
tical to that of the corresponding sample at pH" 7, the complex is maintained at pH
10. At pH" 4, there is no difference between the polynucleotide itself and the mixture,
indicating that s-SPG cannot form a complex with the polynucleotides at pH* 4.
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Fig. 2. The apparent pH dependence of the CD spectra for poly(C) {(dotted lines) and its mixture with
s-SPG (solid lines) measured at 10°C.

Fig. 4 plots the [6] ,, against pH" for the poly(C) and poly(A) systems. The [6], .,
values for the polynucleotides (before mixing, indicated by filled circles in the figure)
seem constant between pH® 10 and 7.0. At pH" 6-7, [6].,,, drastically changes and
becomes almost constant at pH® values <6 for poly(A) and poly(C). This feature
indicates that the polynucleotides themselves (before mixing) undergo a conforma-
tional change at pH* 6-7. According to the literature [16,18], poly(C) and poly(A)
adopt a single strand in the neutral and basic regions and a double strand in the
acidic region. The mixtures show different {6] . from those of polynucleotides them-
selves in the pH® range 6.5-10 and a drastic change in CD at the same pH* where
polynucleotides themselves show the transition. In the pH* range 4-6, the polynucle-
otide itself and the mixture show the same [6]__ values, indicating no interaction
between s-SPG and the polynucleotide. This feature clearly indicates that the confor-
mational change of each polynucleotide is related to the dissociation/association of
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Fig. 3. The apparent pH dependence of the CD spectra for poly(A) (solid lines) and its mixture with
s-SPG (dotted lines) measured at 10°C.

the complex: the single strand of the polynucleotides can form complex, whereas the
double one cannot. i :
Previous work [18] shows that dimerization of the nucleic acids is the origin to
form the double stranded conformation at pH* 6-7. Fig. 5 presents the proposed
dimer structure for the cytosine and adenine residues [18]. Incremental increases in
the hydrogen-ion concentration induces protonation of the base and hydrogen bonds
are formed between two bases, which results in the conformational transition of the
polynucleotide chain from the single to double strand. It is well known that the pX,
is 4.2-4.6 for N; in cytosine and 3.5-3.9 for N, in adenosine, respectively {19]. These
reported values are lower than those obtained for poly(C) and poly(A). Hartman
and Rich [18] studied the titration curve for poly(C) and confirmed that protonation
of poly(C) takes place at pH* 6-7. The difference in pK, between the monomeric and
polymeric systems can be explained by a neutralization effect where “the positive
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adenine residues (B), and a proposed model for the complex binding site made of two glucose and one
cytosine residues.

charge on the base dimer partially neutralizes the two negative charges on the ribose
phosphate chains™ [18]. Since this effect can be generally extended to the poly(A) sys-
tem, we consider that pK, of poly(A) also shifts from 3.5-3.9 (monomer) to 6.0.
Therefore, we confirm that the protonation and the subsequent conformational
change are responsible for the dissociation of the complex.
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The preceding discussion suggests that there are two possible causes leading to the
dissociation of the s-SPG/polynucleotide complex. One cause is the loss of the hydro-
gen bonding site for s-SPG. According to our proposed model for the complex, it
consists of two 5-SPG chains and one polynucleotide chain and these chains interact
with each other through the hydrogen bonding as shown in Fig. 5C. Since the dimer-
ization of cytosine uses the same nitrogen atoms (N3 and Ny) as those involved in the
complexation, s-SPG loses a binding site after cytosine undergoes dimerization, re-
sulting in dissociation of the complex.

The second cause for the dissociation is the dissimilarity in the helix parameters
between the complex and the polynucleotide duplexes. As mentioned in Section 1,
similarity in the helix parameters between the complex and the polynucleotides
can explain the complexation. According to the literature {16,18], the helix parame-
ters for the double strand of poly(A) and poly(C}) are a right-handed 8, helix with a
304 A pitch (3.8 A for the axial rise per residue) and a right-handed 11, helix with a
373A pitch (3.4 A for the axial rise per residue}, respectively. In both cases, the axial
rise per residue is considerably larger than that of the single strand and t-SPG. We
suggest that this enlarged restdue distance makes it difficult for s-SPG to form a com-
plex with the polynucleotides in the acidic region.
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Fig. 6. Time course of [6],,, after pH" jumped from the acid to base region (complexation) in the upper
panel and form the base to acid region (decomplexation) in the lower panel for the poly(C) +5-SPG system.
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Fig. 6 presents the time course of [6},,, after changing pH” from the basic to the
acidic region (complexation) in the upper panel, and from the acidic to the basic re-
gion {decomplexation) in the lower panel. The data indicate that the complexation
and decomplexation take place reversibly. After changed pH®, {8],,, reaches the equi-
librium value immediately for the decomplexation, while, it takes about 1000s for
complexation. This difference can be explained by the fact that diffusion of both
chains is the rate determining step for the complexation.

4. The salt concentration dependence of complexation

Fig. 7 compares the CD spectra between a neutral solution without salt and a neu-
tral solution containing 0.3 M NaCl. Poly(C) shows a substantial increase in the CD
mtensity with the increasing salt concentration. This observation can be explained by
the fact that higher salt concentration enhances the electrostatic shielding, which, in
turn, causes an increase in the number of the stacked bases in the helix. On the other
hand, the spectrum for the complex seems independent of the salt concentration,
confirming that most of the bases are already stacked in the complex [14]. Fig. 8
compares the melting curves when the NaCl concentration 1s changed from 0 to
0.3 M. The melting temperature (7,,) is determined, using conventional methods
([13,14]), and plotted against the salt concentration for both NaCl and KCl in
Fig. 9.

The melting temperature drastically increases at low concentrations, reaches the
maximum around 0.07 M, and gradually decreases with further increases in the salt
concentration. It is interesting that NaCl and KCl give different T}, suggesting that a
specific interaction between poly(C) and these metal cations is involved. Cations

10 T T T
5-SPGipoty(C) 0.3M NaCl
\ 3

¥
5-SPGIpoly(C) non-salt

.}
3
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Fig. 7. NaCl concentration dependence of the CD spectra for poly(C) and poly(C) + s-SPG measured at
10°C. The pH® was controlled by 10mM Tris buffer.
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preferably bind to the phosphate anion in polynucleotides and the phosphate anions
in polynucleotides interact with the base and ribose through water molecules [16).
Therefore, the increment of T, at lower salt concentrations may be ascribed to the
fact that the cations bound to the phosphate stabilize hydrogen bonding. At higher
salt concentrations, the electrostatic shielding effect can stabilize the poly(C) helix as
shown in Fig. 9. Hence, the free energy change resulting from decomplexation be-
comes small, which lowers the T,. This mechanism might explain the decrease in
T with increasing the salt concentrations.

468



226 K. Sukurai et ol | Bioorgenic Chemistry 31 {2003) 216-226
5. Conclusions

The present paper demonstrates that formation of the complex between s-SPG
and single-stranded RNAs as well as its stability strongly depend on pH and the 10-
nic strength. The complex is formed in the pH* range 6.5-10 and dissociated in the
pH"* range 4-6. Both poly(A) and poly(C) are double stranded in the pH" range 4-6
and a single strand in the pH' range 6.5-10. Along with this conformational transi-
tion, dissociation and complexation take place reversibly. The T, reaches the maxi-
mum around 0.05 M of NaCl and KCl and the value of T, depends on the nature of
the cation species. This observation suggests that some specific interaction is in-
volved in stabilization of the complex.
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A schizophyllan (B-1,3-glucan) derivative carrying lactose-
appendages prepared by reductive amination ¢an form stable
macromolecular complexes with polynucleotides, shows ex-
cellent affinity with a lactose-binding lectin, and effectively
mediates gene transfection into hepatocytes.

Over the past decade, researchers in the area of supramolecular
chemistry have achieved impressive progress towards the develop-
ment of efficient antisense delivery systems for clinical therapy.!
To further develop these delivery systems with the minimum side
effects and reduced cost, carriers should show the following
properties: (1) easy preparation of carrier/antisense complexes, (2)
low cytotoxicity; (3) no immunogeneity and (4) high selectivity for
target cells. Artificial camriers reported so far include poly-L-
lysines,2 polyethyleneimines,? polyamidoamine dendrimers ¢ erc.,
which mostly utilize electrostatic interactions to form carrier—
antisense complexes.

Schizophyllan (SPG), B-1,3-glucan, has been of great interest for
many researchers because of its gel-forming ability as well as its
anticancer activity.s Physical and structural studies have revealed
that SPG exists in a unique triple-stranded helical structure (t-SPG)
in aqueous solution, whereas it is dissociated into the individual
single strands (5-SPG} in dimethyl sulfoxide (DMS0).¢ Recently,
we found that unique triple-stranded macromolecular complexes
are formed when s-SPG in DMSO is mixed with polynucleotides in
aqueous solution (Fig. 1).7 This finding encouraged us to develop
new SPG-based antisense carriers, in which carrjer-antisense
complexes are formed by the unique ‘shape fitting" between two
helical components (SPG and polynucleotide), instead of the
conventional electrostatic interactions. In the series of our research,
we found several advantages of the macromolecular complexes as
antisense carriers over the conventional ones: (1) the macro-
molecular complexes are stable under physiological conditions, (2)
complexed polynucleotides are protected against degradation by
DNase® and (3) the complexed pelynucleotides can be guickly
released in the presence of the complementary RNA. In addition to
the expected Tong blood-circulation time arising from the lack of B-
§,3-glucanase in human body, these characteristics suggest the
potential utility of SPG to mediate antisense transfer in human cells.
Our next step should be, therefore, to develop a cell-rargeted carrier
based on SPG. In this respeet, SPG-derivatives carrying oligo-
saccharide appendages are of great interest, since oligosaccharides
can act as specific ligands for carbohydrate-binding proteins
(tectins) on the target cell surface.? Herein, we report such a new

RS . . 2R,

SPG/polynucieotide
t-SPG *+SPG rmacromolecular complex

Fig. 1 Formation of the SPG/polynucleotide macromolecular complex.

1 Electronic supplernentary information (ESI) available: Procedures for the
synthesis of aminoethyl-lactoside and a confocal fluorescent microscopic
image, See http//www.rsc.org/suppdata/cc/b3/b313426a/

% Polysaccharide~Polynucleotide complexes, Part 26.
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example that 2 SPG-lactose conjugate can strongly bind asialo-
glycoprotein receptors on hepatocytes and mediate the following
receptor-dependent endocytosis as well as effective transfection.
SPG bearing lactose-appendages (SPG-Lac, Chart 1) were
prepared through the following procedure. '® Pendent glucosides of

"native SPG (MW 150 kDa) were selectively oxidized by treatment

with aqueous NalQ; to afford an aldehyde-functionalized SPG, in
which the B-1,3-glucan main-chain without the NalQg4-sensitive
1,2-diol group remains intact. Schiff base formation between
aldehyde-functionalized SPG and aminoethyl-lactoside was at-
tained in DMSO and then, an excess amount of NaBH, was added
to yield SPG tethering lactosides through secondary imino-
linkages. We estimated the conversion ratio (1) based on the
nitrogen contents by elemental analysis. SPG having a moderate
content of lactose-appendages (n = 0.14) was thus obtained.
Macromolecular complexes composed of SPG-Lac and poly-
nucleotides were easily prepared by mixing SPG-Lac in DMSO and
polynucleotides in water. Proof of complex formation was obtained
by CD spectra (Fig. 2(a)): The SPG-Lac/poly(dA) complex shows
CD spectra in which a predominant negative peak (250 nm)
observed for free poly(dA) was suppressed and new negative (265
rm) and positive (282 nm) peaks appeared. The observed CD
spectral change is similar to that of the SPG/poly(dA) complex,
indicating the formation of a hetero-triple-stranded macromo-
lecular complex.® We measured the CD spectra at various
temperatures (5-80 °C) to assess the thermal stability of the
complex. The CD spectra of the $PG-Lac/poly(dA) complex are
independent of the temperature up to 45 °C, at which point they
suddenly changed with increasing temperature at around 50 °C into
the CD spectra attributable to free poly(dA).!! The finding proves

Chart 1 Structure of SPG carrying lactose appendages (SPG-Lac).

" 0 2
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Fig. 2 (a) CD spectra of the SPG-Lac/poly(dA) complex, SPG/poly(dA)
complex and poly(dA): [poly(dA)] = (.08 mg mI-?, [SPG-Lac] or [SPG]
= 042 mg mi-1, 5 °C, d = 1.0 cm, Tris-buffer (0.83 mM, pH 8.0). (b)
Temperature dependence of the CD {250 nm) intensities.
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that the complex is dissociated cooperatively at this temperature.
The SPG-Lac/poly(dA) complex showed a melting temperature
(T at around 52 °C (Fig. 2(b)), which is lower than that (63 °C)
of the SPG/poly(dA) complex but still sufficiently higher than
physiological temperature,

The emission intensity of fluorescein isothiocyanate-labeled
ricinus communis agglutinin (FITC-RCA, 2, lactose-specific) was
suppressed in the presence of the SPG-Lac/poly(dA) complex,
suggesting their binding (Fig. 3(a)).!? Together with the fact that
neither poly(dA) nor the SPG/poly(dA) complex induces such
fluorescence suppression, we can conclude that specific inter-
actions occur between the complex and FITC-RCA 2.'* Fig. 3(b)
shows the relative fluorescence intensities ({/7y) of FITC-RCA 39
plotted against various concentrations of the macromolecular
complexes. We estimated the RCA 159 affinity (Ky) of the SPG-
Lac/poly(dA) complex to be 14 pg ml—! by using computational
curve fitting.14 The K, value based on [lactose-unit] is 1.7 X 10—¢
M which is 120 times higher than that of monomeric Jactose (2.1 X
10—4 M) owing to the clustering effect, and comparable to that of
multi-lactosylated polyacrylamides (9.1 X 10~7 M).12 These data
clearly show that the SPG-Lac/poly{dA} complex can be strongly
recognized by lactose-binding lectins and therefore can act as a
hepatocyte-specific antisense carrier.

Specific lectin-binding of the SPG-Lac/poly(dA) complex was
also demonstrated by confocal microscope cbservation using
lectin-Iabeled agarose beads (~50 pm) and rhodamin-labeled
(dA)4s. RCA y-agarose was stained by the SPG-Lac/Rho-(dA)ss
complex (Fig. S1, ESIt), whercas agarose bearing ConA (a-Man/
Glc specific) was not. These data also reveal that carrier/
polynucleotide complexes are not dissociated upon binding to
lecting and therefore, one can expect that the complexed poly-
pucleotides are up-taken by the target cell via receptor-mediated
endocytosis without unfavourable release at the cell surface.

Receptor-mediated antisense transfection by SPG-Lac was
demonstrated using human hepatocytes (HepG2) and (dA)e-
tapged phosphorothioate-type  antisense  (AS-c-myb: 5%
GTGCCGGGGTCTTCGGGC{A)40-37) which blocks the proto-
oncogene mRNA translation.)$ HepG2 cells were cultured in the
presence of the SPG-Lac/Asc-myb complex, SPG/As-c-myb
complex or free As-c-myb ({As-c-myb] = 30 pg mi—!) and then,
the cell-numbers were counted by using the Cell Counting Kit-8
(Dojin). 1 The SPG-Lac/As-c-myb complex was found to suppress
the cell-growth effectively (52 + 4%) in comparison to the SPG/As-
c-myb complex (81 £ 6%) and free As-c-myb (91 % 6%). Together
with the facts that HepG2 expresses lactose-receptors on the cell
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Fip. 3 (a} Fluorescence spectra of FITC-RCA |2 in the presence of free
poly(dA) (9 pg mI-") and that complexed with SPG derivatives (46 pg
ml=1}: Tris-buffer (20 mM, pH 7.2), 25 °C, 1., = 490 nm. (b) Relative
fluorescence intensities (1) of FITC-RCA 20 at various concentrations of
the SPG-Lac/poly(dA) complex, SPG/poly(dA) complex and free
poly{dA).

surface and that monomeric lactose (20 mM) reduces the
transfection effect (79 x 5%), specific lactose-protein interactions
and the following receptor-mediated endocytosis should be respon-
sible for the enhanced transfection effect observed for the SPG-Lac/
As-c-myb complex.

In conclusion, a SPG-derivative carrying lactose-appendages
was prepared via oxidation followed by reductive amination. Easy
preparation, high stability, excellent lectin-affinity and effective
antisense-transfection ensure the potential of SPG-lactose Con-
jugates as new hepatocyte-targeted antisense carriers.

This work was supported by the Japan Science and Technology
Corporation, SORST Program. We also thank Taito Co., Japan, for
providing native SPGs.
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We have found that s-SPG and curdlan are capable of wrap-
ping SWNTs and the “periodical” helical structure is created, re-
flecting the helical nature of the SPG main-chain, on the SWNTs
surface. The novel SWNTs/f-1,3-glucan composites were charac-
terized by TEM and AFM, which consistently support the view
that these B-1,3-glucans wrap SWNTs, creating a helical higher-
order structure.

‘ Since discovery of single-wall carbon nanotubes (SWNTs),!
they have been expected to become a new potential source of fune-
ticnal materials.2 However, their strong cohesive nature and poor
solubility have caused the researchers trouble for a long time, be-
cause these properties seriously hamper for the researchers to ob-
tain the reproducible data. One potential solution to overcome
these problems is to wrap SWNTs by polymers. The polymers that
are known to have such a wrappiag ability are poly(vinylpyrroli-
done),? poly(styrenesulfonate),® poly(metaphenylenevinylene),*
amyiose,” DNAS peptides,” etc. Among them, particularly inter-
esting is amylose, because (1) it has almost no light absorption
in UV-¥is wavelength region, so that the dispersed composites
are very suitable for photochemical experiments, (2) the sugar-
coated surface of the composite should show the bio-compatibility
which makes their medicinal applications possible, and (3) if the
sugar group is recognized by proteins (such as lectins), one may
consusuct novel SWNTs-based supramolecular network struc-
tures.

Schizophyllan (SPG) is a natural polysaccharide produced by
fangus Schizophyllum commune and its repeating unit consists of
three $-(1-3) glucoses and one B-(1-6) glucose side chain linked
at every third main-chain ghucose (Figure 1), SPG adopts a triple
helix {t-5PG) in nature, which can be dissociated into a single
chain (s-SPG) by dissolving in dimethyl sulfoxide (DMSO).'?
The s-SPG chain can retrieve the original triple helix by exchang-
ing DMSO for water.! Recently, we found its novel solution prop-
erty that when this renaturing process is carried out in the presence
of polynucleotides, the resultant triple helix consists of two s-SPG
chains and one nucleotide chain, ' Taking the facts into consider-

Figare 1. (a) Repeating unit of Schizophyllan and Curdlan; (b) representative
model of the Schizophyllan triplehelix.

ation that (1) the diameter of t-SPG (2.6 nm) is comparable with
that of SWNTs (1-2nm), (2) DNAs, which are complexed by s-
SPG, are used as a SWNTs solubilizer,’ and (3) n-cyclodextrin
is capable of forming a pseudo-rotaxane-type complex with
SWNTs, 2 it is very likely that s-SPG wraps SWNTs, forming a
“periodical” helical structure. To the best of our knowledge, there
is no direct evidence for the creation of the regular structure from
SWNTs and water-soluble polymers.'* We here report that s-SPG
and curdlan (8-1,3-glucan without a side-chain glucose) are capa-
ble of wrapping SWNTs and the “periodical™ helical structure is
created, reflecting the helical nature of the SPG main-chain, on
the SWNTs surface.

* SWNTs were cut into the appropriate length as described pre-
viously.' The length as estimated by AFM was between I and
3pm. An aqueous solution of dispered SWNTs was mixed with
4 DMSO solution containing polysaccharide (Mw = 150000 for
s-SPG, 33000 for curdlan, and 15000 for amylose).!$ At this stage,
the water/DMSO mixed solution contained 300-600pgmL ! of
SWNTs and 3.3mgmL~! of polysaccharide. After leaving it at

.50°C for 2 days, the mixture was treated with a centrifuge

(7000 rpm) for 1 h and the supernatant which contains the unreact-
ed s-SPG was pipetted off. The precipitated SWNTs-polysacchar-
ide complexes were then dispersed into water (200 pL). Repeating
this process, excess amount of s-SPG was removed and the solvent
was replaced by water. To find an optimum mixed solvent we pre-
pared the samples, changing the composition of water/DMSO {v/
v} in the range from 50/50 to 92/3. The concentration of the solu-
bilized SWNTs was estimated with the absorbance at 500nm in
UV-vis spectroscopy.)” We found that the highest solubility is at-
tained at water/DMSO = 84/16 (v/v): the percentages of solubi-
lized SWNTs are 85.5, 69.5, 73.5% of the feed in the presence of s-
SPG, curdlar, and amylose, respectively, Hereafter, we employed
this mixed solvent as a standard medium. In the absence of poly-
saccharide, on the other hand, SWNTs were scarcely dissolved un-
der the same treatment,

TEM images of SWNTs themselves and their composites with
5-SPG are shown in Figure 2. Figure 2a shows that the length of
SWNTs is several (tm, which is consistent with the length estimat-
ed by AFM. However, the diameter size is somewhat larger, indi-
cating that they are easily bundled in the absence of solubilizers. In
the presence of s-SPG or curdlan, on the other hand, SWNTSs still
exist as thin fibers, suggesting that the wrapping by polysacchar-
ides suppresses the aggregation of SWNTs (Figures 2b and 2¢c).
To obtain a clearer image of the composite, we magnified one fibril
after staining with phosphotungstic acid. Very interestingly, this fi-
bri! consists of a few bundles with ca. 8-nm diameter and each bun-
dle is covered by oblique stripes (Figure 2d). This pattern shows
that 5-SPG twines round a2 SWNT (or a few SWNT%) according

Copyright © 2004 The Chemical Society of Japan
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Figure 2. TEM images of (a) SWNTs; (b) SWNTs/s-SPG composite; (c}
SWNTs/curdlan composite; (d) magnified picture of (b), {2) -{c) were taken
without staining whereas (d) was taken afier staining with 2.0wt% phospho-
tungstic acid.

to a periodical helical motif. As reference experiments, we pre-
pared the samples of SWNTSs and s5-SPG separately according to
the same treatment. However, we could not recognize the oblique
stripes at all.

To cbtain unequivocal evidence that these twined polysac-
charides really constitute a pentodical helical structure around
SWNTs, we observed these fibrils by AFM. As shown in Figure
3a, the surface of SWNT's themselves did not give any specific pat-
temn. We also prepared SWNT's solutions dispersed by amylose or
poly(vinylpyrrolidene), but their AFM images are similar to that in
Figure 3a. This implies that even though these water-soluble poly-
mers can wrap SWNTs fo dissolve them into water, the regular, pe-
rodical structure is not constructed in their wrapping process. On
the other hand, when a DMSO solution of s-SPG or curdlan was
cast on mica, we could observe a fine polymeric network structure
{data not shown here). Very interestingly, when SWNTs were dis-
persed with the aid of s-SPG or curdlan into water, the surface of
the fibrous aggregates gave an oblique stripe structure (Figures 3b—

Figure 3. AFM images of {(a) SWNTs,(b)SWNTs/5-SPG composite;(c)
SWNTs/curdlan composite;(d) SWNTs/s-SPG composite (magnified picture).
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3d), similar to that observed by TEM. As reference experiments,
we prepared the samples of SWNTs and t-SPG according to the
same treatment. However, we could not recognize the oblique
stripes at all, This result shows the fact that the renaturing process
is essential for the composite formation.

To obtain further evidence that these fibers are composites of
SWNTs and s-SPG (or curdlan), we characterized them by spectro-
scopic methods. Firstly, the presence of SWNTs was evidenced by
vis—NIR spectrum. The characteristic absorption band is seen
around 500-800 nm and 1200~1800 nm regions, which are basical-
ly similar to those of reported spectra.'® It is known that SWNTs
have characteristic Raman peaks at around 190 and 15%0cm™1."*
We have also confirmed that SWNTs/s-SPG and SWNTs/curdlan
composites give the peaks at 188 and 1591 em=1,

As a summary of the foregoing findings, one can now con-
clude that the nanorods observable with the microscopes are com-
posites formed from SWNTs and s-SPG (or curdlan). To the best
our knowledge, this is the first time that the helical twining of
SWNTs by water-soluble polymers are visually confirmed. We be-
lieve that the clear images obtained here are due to the inherent
property of A-1,3-glucans to form a helical higher-order structure.
Further chemical and physical characterizations and medicinal ap-
plications are currently continued.

We thank Professor Masahito Sano for helpful discussions.
We also thank Taito Co., Japan, for providing the schizophyllan
samples, This work was supported by, The Japan Science and
Technology Corporation, SORST Program.
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Abstract

Schizophyllan is a natwral {1 — 3}-p-glucan existing as a triple helix in water and as a single chain in dimethylsulfoxide (DMSO),
respectively. As we already reported, when some homo-phosphodiester polynucleotide (for example, poly(dA) or poly(C)) is added to the
schizophyllan/DMSO solution and subsequently DMSO is exchanged for water, the single chain of schizophyllan forms a complex with the
polynucleotide. Furthermore, we have already demonstrated that one of the potential applications of this novel complex is an antisense-
oligonucleotide (AS ODN) carrier. This work describes a versatile and universal modification technique which enables us to introduce
various functional groups only to the side chain of schizophyllan. This technique consists of periodate oxidation of the glucose side chain (it
does not react with the main chain because of the absence of the 1,2-diol group in p-(1 — 3)-glucan) and subsequent introduction of the
functional groups into the formyl terminate. In the present work, the introduced functional groups were spermine, octa-arginine (R8),
arginine—glycine—aspartic acid tripeptide (RGD) and some amino or a-amino acid compounds. Using these compounds, we made the
complexes and carried out an in vitro antisense assay for them, administrating a phospherothioate AS ODN to the melanoma A375 or
leukemia HL-60 cell lines to depress their c-myb mRNA. When we used the R8 or RGD modified schizophyllan as the antisense carrier, the
antisense effect was most enhanced among others. Their superiority can be ascribed to enhancement of endocytosis due to these functional
peptides. Furthermore, the cytotoxicity for these two modified schizophyllans was negligibly as smal! as the natural (unmodified)
schizophyllan. One of the peculiar features of our system is that the complex (i.e., carrier + AS ODN) is charged negatively in total, which is
different from the conventional systems. The present work has thus clarified that schizophytlan can act as a new potential candidate for AS
ODN carriers.
© 2004 Elsevier B.V. All rights reserved.

Keywords: Antisense-oligonucleotide carrier; Schizophyllan; Polysaccharide — polynucleotide complex; p-1,3-glucan

Abbreviations: AS ODN, anlisense oligonucleotide; S ODN, sense L. Introduction

oligonucleotide; AS-c-myb, 5'-GTGCCGGGGTCTTCGGGC{dA)ag-3
phosphorothioate, an AS ODN for c-myé mRNA; S-c-myb, §'-
CACGGCCCCAGAAGCCCG-(dA)-Y phospherothioate, S ODN for ¢-
myb mRNA; 5-SPG, single chain of schizophyllan; s-SPG/AS ODN or
modified s-SPG/AS ODN, complexes made from s-SPG and AS ODN, or
medified s-SPG and AS ODN. In this paper “/ means the complex; s-

Antisense oligonucleotides (AS ODNs) are applied ex-
tensively to silencing single genes exploiting their exquisite
specificity to match the target mRNA {i-3). The principles
and mechanisms of the antisense therapy are (1) to deliver

SPG+AS ODN, mixture of s-SPG and AS ODN. In this paper, s-SPG+AS
ODN stands for a mixture of 5-SPG+AS ODN does not nccessarily mean
the complex, it can be a just mixture of the two components without any
intcraction. After we confirmed the complex formation, we explicitly
denote the complex as s-SPG/AS ODN
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AS ODNs to the cells, (2) to induce the cellular uptake of
AS ODNE, (3) to release AS ODNs to cytosol, (4) to bind to
a particular mRNA to make a DNA/RNA duplex, and {5) to
make RNase H cleave the duplex so as to inhibit the protein
expression. The major advantage of this strategy over the
conventional drugs is related to the potential specificity of
the action. Theoretically, an oligonucleotide can be designed
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to target any single gene in the human genome, Therefore,
inhibition in the genetic level should be a more efficient
intervention in the disease process than inhibition at the
protein level. However, there are two major issues to
overcome; instability of AS ODNs in biological fluids and
low uptake efficiency into the target cells {1,3]. The insta-
bility of AS ODNs is mainly ascribed to two factors; the
hydrolysis mediated by deoxyribonuclease and non-specific
binding to proteins. The later event can induce a *“non-
antisense effect”, when oligonucleotide analogues such as
phosphorothioates is used [4]. However, the hydrotysis can
be overcome by use of oligonucleotide analogues such as
phosphorothioates, phosphoramidates, and peptide nucleic
acids [5]. Especially, phosphorothioates are the leading
candidates among the first generation of antisense com-
pounds and several of themn are indeed in phase I/II clinical
trial [6.7].

When we use phosphorothioates as AS ODNs, non-
specific binding to some proteins is the major obstruction
[4). It is reasonably considered that the matenials which
can form a complex with phospherothioates AS ODNs
can be used as a carrier. Several materials are studied as
AS ODN camiers [1,3.8-10.12-18)]. Cationic lipids can
form a complex with AS ODNs and encapsulate them in
the liposome [1,3,8-10). The liposomal delivery is one
of the preferred methods; however, there are some draw-
backs in its use. For instance, cationic liposomes tend to
accumulate in the reticuloendothelial system [11], leading
to a short lifetime in the serum. Furthermore, the size of
the liposome is usually too large for cells [3). Synthetic
polycations, such as poly(L-lysine) [9] and polyethylenei-
mine (PEI) [12,13] have been studied as an AS ODN
carrier, because polycations can form polyion complexes
with polynucleotides. Although polycations have great
advantage to improve the cellular uptake, serious draw-
backs are pointed out, such as toxicity of the polycations
and poor solubility of the resultant polyion complexes
{3]. Recently, various ideas are proposed to improve
these issues [14-17), and additionally, some of them
can provide a targeting or intellectual-release device.
However, the cytotoxicity due to artificially synthesized
materials still remains as a serious problem. Utilizing
natural polysaccharides is considered to be a good and
new approach to design the AS ODN carrier [18]. This is
because natural polysaccharides can biodegrade into non-
toxic components and can provide satisfactory solubility.
However, no one had ever thought that polysaccharides
themselves could be used as an AS ODN binding
portion, until Sakurai and Shinkai [19.20] found for the
first time that schizophyllan can form a complex with
some polynucleotides,

Schizophyllan is an extracellular polysaccharide pro-
duced by the fungus Schizophyllan commune and the main
chain consists of B-(1 — 3)-p-glucan and one p-(1 — 6)-p-
glycosyl side chain links to the main chain at every three
glucose residues (see Fig. 1 for the chemical structure)

(@

H,0H
H
HO ?
CH,0H OH CHy CH,0H
1 O o —
‘ HO HO HO
B OH OH OH. dn
(b)
triple helix of SPG single stranded

polynucleotide
C poly(A),
renature ~ poly(C),
by water poly(dA})
~——e _ ,
ﬁ >
denature adding water
random coil

Fig. 1. Repeating units of schizophytlan (a) and a schematic illustration of
the complexation (b). In (b), the blue and red lines represent the s-SPG and
pohymucleotide molecules, respectively. The inset shows the proposed
stoichiometric mode! fot the complex; the capital letters of G and C
represent the glucose and base, and the blue lines show the hydrogen bonds,

respectively.

[21]. Schizophyllan adopts a triple-helical conformation in
water and a random coil in dimethylsulfoxide {DMSOQ)
{22,23). When water is added to the DMSO solution
(renaturation), the triple-helical structure can be partially
retricved through this process, although the entire chain
structure is not the same as that of the original triple helix
[24,25]. Recently, Sakurai and Shinkai [19,20] found that
the single chain of schizophyllan (s-SPG) forms a macro-
molecular complex with some homo-phosphodiester poly-
nucleotides (such as poly(C), poly(A), poly(U)}, poly(dA),
and poly(T)), when the polynucleotide is present in the
renaturation process {see Fig. 1(b)). Their data showed that
the hydrogen bonds are formed between the glucose and
the base moieties. Furthermore, other p-(1 — 3)-p-glucans,
such as curdlan and lentinan, can form the same complex
as schizophyllan; therefore, this complexation is generally
more commonly observed in nature for B-{1 — 3}p-glu-
cans [26,27]. Some of other novel features for this com-
plex are {1) the complex is remarkably stable (large
binding constant) and constderably water-soluble in the
physiclogical conditions [19.20], (2) the complexation
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occurs in a highly stoichiometrical manner and the stoi-
chiometric number indicates that two schizophyllan units
and three base units are interacting with each other {{see
Fig. t(b)) [20], (3) when a 5s-SPG/DNA complex meets the
comresponding complementary sequence, for example s-
SPG/poly(T) meets poly(dA), the complex is dissociated
immediately and the hybridization takes place {28]. When
schizophyllan is used as an AS ODN carmier, the three
features of (1)-(3) mentioned above seem greatly advan-
tageous. In this paper, we make attempts to modify s-SPG
to enhance the cellular uptake and carry out an in vitro
assay to evaluate the ability as AS ODN carriers.

2. Strategy and chemistry
2.1. Strategy to deliver AS ODNS to cells by protecting them

Fig. 2 schematically presents our strategy to deliver
AS ODNSs to cells. Schizophyllan has no ability to bind
to the plasma membrane to induce endocytosis or other
uptake processes (see Fig. 10) [29]. Furthermore, it is
known that administration of schizophyllan hardly elicits
the immune response {30], so that schizophyllan may not
be recognized by T cell receptors. Therefore, we need to
modify the schizophyllan chain with a functional group

Cell binding site

(1)
s-SPG

Antisense DNA

Release P

which can induce the uptake of AS ODNs, Such func-
tional groups can be cationic groups [1.3], a specific
peptide which can bind to an integrin receptor on the
plasma membrane [31], or other peptides corresponding
to the human immunodeficiency virus or its analogs
[32,33]. It should be emphasized that the modification
has to be done only for the side chain of schizophyllan,
because the B-(1 — 3)-p-glucan main chain is essentially
important to form the complex. This site-specific modi-
fication can be successfully carred out, by oxidizing
schizophyllan with sodium periodate anion to yield the
formyl terminate [34], and subsequent reactions to attach
a functional group to the formyl group. The resultant
modified 5-SPG and an AS ODN sequence can form a
complex, which can be administrated in vivo or vitro (in
this paper, only in vitro assay was carried out). Since we
already know that the complex can protect the bound AS
ODNs against nuclease-mediated hydrolysis or unfavor-
able binding to the serum proteins [35], the survival of
the AS ODN population before reaching the cells should
be increased. Once the complex has reached the cell, the
binding site starts to interact with the cell surface to
induce the ceflular uptake,

The mechanism for the cellular uptake of AS ODNs
differs from the introduced functional groups. Generally, the
cellular membrane is negatively charged, so that cations can

Fig. 2. The schematic illustration of our strategy to deliver AS ODNs to cells. As shown in (1), & functional group which ean induce the cellular uptake of the
complex is attached to the s-SPG side chain, where s-SPG stands for the single chain of schizophyllan, When the modified s-SPG and AS ODN is mixced, they
form a complex consisting of two modified s-SPG and one AS ODN chains as presented in (2) [20). As clarified in Refs. [29,35), the complex can prevent the
bound AS ODN from forming unfavorable intcractions with proteins (3). As shown in (4), once the functional group binds to the plasma membrane, the cellular
uptake can be induced to ingest the complex. As clarified in Ref, [2R], when the s-SPG/AS ODN complex meets the corresponding complementary sequence of
mRNA, the complex dissociates immediately to release the AS ODN and hybndization takes place.
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bind to the surface with the Coulombic forces. Since there
should be no specific receptor for cations on the membrane,
the bound cations or cation-attached complexes should be
ingested by the regular pinocytosis cycle. As mentioned in
the Introduction, many studies have employed cationic
lipids or polycations to deliver AS ODNs, In these cases,
cationic carriers must contain enough charge to neutralize
the AS ODN and also to provide the sufficient residual
charge for interaction with the celt membrane. Such a large
amount of cations can cause serious cytotoxicity. Further-
more, it is sometimes difficult to release the bound AS ODN
from the ion complex due to the formation of stable
complexes such as PEVAS ODN complexes. In the s-
SPG/AS ODN complex, the AS ODN is bound to s-SPG
with the hydrogen bonding interaction, so that we do not
need a large amount of cations. It should be pointed out that
the feature of the present system is completely different
from other carriers.

As a peptide which can bind to an integrin receptor, we
attached an arginine—glycine-aspartic acid tripeptide
(RGD). Integrins are natural targets for receptor-mediated
cell entry used by a variety of bacteria and viruses [36,37],
so that when RGD is attached to liposomes, the increment of
the cellular uptake is already demonstrated [31]. Since RGD
is bound to integrins, the cellular uptake is considered to be
achieved through a receptor-mediated endocytosis. There-
fore, the AS ODNs have to survive through the hydrolytic-
enzyme rich and acidic atmosphere in Iysosomes. Since we
already know that the complex dissociates in the acidic
soluticns (pH<5-6} [38], phosphorothicates AS ODNs
should be better than phosphodiester AS ODNs in our
study. In contrast to RGD, the arginine-rich peptides
comresponding to the human immunodeficiency virus, such
as HIV-1 Rev<{34-50) or HIV-1 Tat(48-60), induce a
cellular uptake by the different pathway from receptor-
mediated endocytosis [33]. Suzuki et al. [33] demonstrated
that even octa-arginine (R8) induces the same effect as HIV-

I} Amine-appended SPG

1 Rev-(34-50) or HIV-l Tat-{48-60). In cur study, we
attached R8 to 5-SPG. Although the detailed mechanism is
not clarified, the pathway induced by RSB is called ‘potocy-
tosis’ [39].

2.2. Side chain-specific chemical modification

It is essentially important to introduce the abovemen-
tioned functional groups only to the schizophyllan side
chain. This is because the f-(1 — 3)-p-glucan main chain
is necessary to form the complex with polynucleotides or
AS ODNs [26,27], thus it is better to keep the main chain
intact during the reaction [34,40]. We already established
such a fine chemical technique [34,40], which is presented
in Fig. 3(I). The key step is oxidation of the side chain
glucose by periodate anion (107), which leads to cleavage
of the pyranose ring and converts each end to the formyl
terminate. When we attached 2-aminoethanol, spermine,
N,N’-bis(3-aminopropyl)-1,3-propanediamine, Arg and
Ser, the carboxyl group reacted with the amine or amino
acids (ii in the figure) and the subsequent reduction (iii) of
the resultant Schiff base produced the final products.
According to our previous work [34,40], we confirmed that
the molecular weight was not changed through these reac-
tion processes, and the side chain-modified s-SPG can form
a complex, and the stability of the complex is increased
because the ion-pair formation between the phosphate anion
and the introduced cation. It should be pointed out that
about 10 mol% of the modification does not induce any
spectral changes in circular dichroism, indicating that the
complex structure is not altered by the modification [34].
When we introduced the peptides to the side chain, we
applied 2 conventional method with the addition of cysteine
to the unsaturated bond in the maleimide moiety (v and vi in
Fig. 3).

All modified s-SPG derivatives were characterized by
nitrogen elemental analysis to determine the modification

G . . G G
| LI | I
G—G—G—- G—G—0 ~—+-G—G—G -~

IT) Peptide-appended SPG

G G G“
I i v v vi | [
G—G—G - e e came o GG —G o G—G—G—

HO HO
) o.0- 0.0- HOY 6 o-
G or G" = M > + 2 * 2‘
OH R
R R R

R OH

Fig. 3. Reaction scheme to introduce the functional groups into the side chain of s-SPG.
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Table 1
Sample codes and the introduced chemical groups
Sample code R Modification level® N/P ratic®
N(17)-SPG —N"~-OH 17.1 0.7 mol% 0.51
H
SP(4.6)-SPG H 4.6+0.3 mol% 0.27
SP(12.7)-8PG —NTSS SN NH, 12.7 0.9 mol% 0.77
SP{24.7)}-SPG H H 24.7+1.3 mol% 1.50
APPD(4.1)-SPG _-N’\/\N"\/\N’\/\NHZ 4.1 10,3 mol% 0.26
H H H
R(3.6)-SPG —N-Arg-COOH 3.6 0.1 mol% 021
R{9.3)-5PG H 9.3 40.2 mol% 0.56
R(13.5)-8PG 13.5 0.1 mol% 0.1
5(6.4)-SPG —N-Ser-COOH 6.4 £0.3 mol% 020
S(13.2)-SPG H 13.2 0.4 mol% -0.39
R8(0.5)-SPG o 0.5 0.1 mol% ~0
&N o
— e N,
g ¢ s’\rC.N,(Arg};COOH
NH, H
RGD(1.3}-5PG o 1.3 +0.3 mol% -0
e N’Cl Q
N .
~A 8 S’YC-N.—Arg'Gly-Asp COOH
NH, H

* Determined by N elemental analysis.
® Cation(N)anion(P) ratio.

level. The samples and their codes are presented in Table 1
as well as the introduced functional groups.

3. Results and discussion

3.1 Complexation between phosphorothioate AS ODNs and
schizophyllan

The sequence of 5'-GTGCCGGGGTCTTCGGGC-¥ is
well-known to bind to c-myb mRNA and to lead drastic
depression of c-myb [41-46] in many cell lines. Here, c-myb
is a proto-oncogene encoding a nuclear transcription factor,
and its over-expression usually leads to cancer. As our
previous work revealed [35,47), short and hetero-ODNs
cannot bind to s-SPG, so that we had to attach a poly(dA)4o
tail (which has 40 dA bases) at the 3’ end of this sequence.
Thus, in this study, 5-GTGCCGGGGTCTTCGGGC-
(dA)40-3" phosphorothioate was used as an AS ODN and
denoted by AS—c-myb, hereinafier. By the way, our previous
studies [29] have already shown that when s-SPG is not
chemically modified, it can bind to AS-c-myb. The complex
is stable at the cell incubation (37 °C) temperature. Since all
meodifications were applied to only the side chain, the
modified s-SPG samples are expected to bind to AS—c-myb.
We reconfirmed this expectation by gel electrophoresis.

Fig. 4 presents the gel electrophoresis migration patterns
for mixtures of AS-c-myb and the modified s-SPG, com-
paring with naked AS-c-myb and a mixture of AS-c-myb
and s-SPG. Here, only AS-c-myb is stained by GelStar®.
AS-c-myb itself migrates, however, the mixtures of AS-c-
myb and the modified s-SPG do not migrate at all, except
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for AS-c-myb +R(13.5)-SPG and AS-c-myb+5(13.2)-SPG.
It has been demonstrated that once the complex is formed, it
does not migrate at all in the agarose gel {20,29). Therefore,
the results in the figure indicate that the complex is formed
in the mixture of AS-c-myb and the modified s-SPG, except
for the R(13.5)-SPG and S(13.2)-SPG systems. We found
that R(13.5}-SPG and S5(13.2)-SPG were not completely
soluble in water, providing some turbidity when we mixed
the AS-c-myb solution with the R{13.5)-SPG or 5(13.2)
SPG/DMSO solution. Therefore, it is presumed that all of
the AS-c-myb molecules were not incorporated into the
complex. Furthermore, the Ser residue in $(13.2)-SPG
carries an anionic charge at pH =28, so that the anion—anion
repulsion between Ser and AS-c-myb may be another reason
for the presence of the free AS-c-myb.

3.2, Enhanced antisense effect by the chemical modifica-
tion, assayed with the melanoma cell lines; A375

Fig. 5 shows the A375 cell growth after cultured for 3
days, comparing all combinations of AS-c-myb and every
camrier, including Lipofectin and unmodified s-SPG sys-
tems, Although not all data are included, the numerical
results are also summarized at the left side of the histo-
grams. In Fig. 5, the AS-c-myb doses were 12.5, 25 and 50
pg/ml (unfilled bar, hatched bar and filled bar, respectively).
The cell growth is defined by the number of cells normal-
ized by that of the control (without any addition of AS-c-
myb nor s-SPG). In all cases, the 5-SPG/AS-c-myb molar
ratio is fixed at 1.5:1.0 becavse the previous work showed
that the cell growth reaches the minimum around this ratio
[29]. As mentioned in the Introduction, the complex consists
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(a)
Complex —P

AS-c-myb —

1. ASc-myb

2; AS-c-myb+s-5PG

3: AS-c-myb+N{17)-SPG

4: AS-c-myb+SP(4.6)-SPG

5: AS-c-myb+SP(12.7)>-SPG
6: AS-c-myb+SP(24.7)-SPG
7: AS-c-myb+APPD(4.1)-SPG

1: AS-c-myb

2: AS-c-myb+R(3.6)-SPG
3: AS-c-myb+R(9.3)-5PG
4: AS-c-myb+R(13.5}-SPG
5: AS-c-myb+5(6.9)-SPG
6: AS-c-myb+5(13.2)-SPG
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7 (b) 1

1

2 3 4 5 6 () 2 3

1: ASc-myb
2: AS-c-myb+R(0.5)-SPG
3: AS-c-myb+RGD(1.3}-5PG

Fig. 4. Confirmation of the complex formation between AS-c-myb and the modified s-SPG samples by gel electrophoresis. 2 wt.% NuSieve agarose gel (BMA)
was used and the gel was stained with GelStar® (BMA). As shown in Refs. {20,29.47), when the complex is formed, the migration does not occur and the

complex stays at the starting hole.

of two s-SPG-repeating units and three base units, thus the
stoichiometric ratio is 2:3. The molar ratio to give the
minimum in the cell growth is different from the stoichi-
ometry; however, the reason is not clear at this moment. On
this composition, the cation/anion ratios in the complex are
presented in the fourth column in Table 1. As shown by the

‘Cell line: A375

table, except for the SP(24.7)-SPG system, the cation/anion
ratio is less than 1.0, thus the overall charge of the complex
is negative. Although we did not measure the net charge of
the final complex, all ODN molecules are incorporated into
the complex in this condition [20,47}, thus the net charge
should be estimated from the cation/anion ratio.

AS-omyb concentration M Opg/ml O1 125pg/ml B 25 pgiml B 50 pgim!
AS-c-mybiLipofectin (xvi) B A ' T T4
AS-c-myb/RGD(1.3)-SPG (xv} s ] 172
T 2414
| 556
AS-c-myb/R(3.6)-SPG (ix) 2 34141
AS-c-myb/APPD{4.1)-SPG {viif) B2 3443
AS-c-myb/SP(24.7)-SPG (vi) bz
AS-c-mybiSP(12.7)SPG (Vi) s
AS-c-myb/SP{4.6)-SPG (v) B2 3313
AS-c-myb/N(17)}-8PG (V) 413
— | 4443
Controt (nm— 4005
0 20 40 60 80 100
Cell growth /%

Fig. 5. Comparison of the ccll growth for atl samples, including the Lipofectin and unmodified s-SPG systems, assayed for the A375 cell lines. The numerical
results of the proliferation for 50 pg/ml dose are presented in the left side of the histograms. The cell numbers were determined with Cell Counting Kit-8%®
(Dojindo, Japan), aficr we administrated AS-c-myb with various carriers and incubated the cells for 3 days. The AS-c-myb doses were 12.5, 25 and 50 pg/ml
(unfilled bar, hatched bar and filled bar, respectively). The cell growth is defined by the number of cells normalized by that of the control (without any addition
of AS-c-myb nor s-SPG., (i)). The s-SPG/AS-<c-myb molar ratio was fixed at 1:1 [29],
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When we exposed the cells to AS-c-myb itself, that is
naked AS-c-myb, ((ii} in Fig. 5), the cell growth decreases
with increasing the AS-c-myb dose. This decrease should
be mainly ascribed to the antisense effect; however, some
percentage of the cell death may be caused by cytotoxicity
of the phosptorothioates. This issue will be discussed later
in Fig. 6. When we added AS-c-myb as a complex with
the unmeodified s-SPG (jii) and compare the results with
the same dose in the naked AS-c-myb, the cell growth is
lower than that of the naked AS-c-myb. The difference is
about 5-10% and can be ascribed to the advantage that
the complex prevents AS-c-myb to form unfaverable
interactions with the proteins in the culture medium, Thus,
the complex can increase the cellular uptake efficiency
[29]. When we exposed the cells to AS-c-myb as the
modified s-SPG complexes having various cations such as
aminoethanol (iv), spermine (v—vii) and N, N*-bis(3-amino-
propyl)-1,3-propanediamine (viit), there is no significant
improvement in the cellular uptake (i.e., no significant
depression of the cell growth). When we compare the
growth carefully, the introduction of these cations may
decrease the efficiency by no more than 10%. Azzam et al.
[18] reported that spermine can be introduced into dextran
{about 10 mol%, | of 10 main chain ghicoses) with the
similar method with ours and the resultant polymer shows
considerable enhancement in cellular uptake of plasmid
DNAs. However, our cases (v-vii} do not show such
enhancement. On the contrary, the antisense effect seems

to become diminished with increasing the spermine mod-
ification rate (compare {v) and (vii)), By the way, when we
mixed AS-c-myb and SP(24.7)-SPG, we observed turbid-
ity. The main chain of s-SPG consists of #-(1 — 3)-p-
glucan and it is usuvally less soluble than dextran which has
a soluble a-(1 —6)-glucan main chain. Therefore, we
presume that the ion-pair formation between the AS-c-
myb anion and the spermine cation may reduce the
solubility of the complex. Furthermore, AS-c-myb may
be bound too tightly to be released from the complex. This
compaction problem is sometimes observed for the PE/AS
ODNs complex [3), while plasmid DNA hardly has such a
problem in the PEI complexes.

When we examined the Arg attached systems (ix-xi),
there was no significant difference from the other cation-
attached s-SPG systems. This feature indicates that mono
Arg simply acts as a cation and does not induce the specific
effect on the poly Arg modified carmries, which Futaki et al.
{32] observed for octa- or branched-chain Arg systems.
With increasing the Arg modification level, the antisense
effect is decreased, due to poor solubility of the higher
modified s-SPG as motioned in the gel-electrophoresis
section. When AS-c-myb was added as the Ser attached s-
SPG complexes (xii, xiii), the results are almost the same as
the unmodified s-SPG system. This feature is reasonable
because Ser is expected to act as an anion in our conditions
[40], so that this complex should have no binding site for
the cell.

Cell line: A375 S-cmyb concentration M Opg/ml [1 125 pgiml B2 25 pg/ml © 50 pg/ml
S<c-myblLipofectin () B 695
S-myb/RGD(1.3}-8PG (xv) I
| S-c-myb/R8(0.5)-SPG (xiv) 5558 | sats
S-c-myb/S(13.2)-SPG (xii) ]
S-c-myb/S(6.4)-SPG (xi) 1 agea
S-c-myb/R(13.5}SPG (x)) |
S-c-myb/R(9.3}SPG (x) B3 |
S-c-myb/R(3.6)-SPG () | est3
S-c-myb/APPD(4.1}-SPG (vii) [ T A e ] 82+6
S-c-myb/SP(24.7)-SPG (vii) ]
S-c-mybiSP(12.7)-SPG (vi) EEmrs ]
S--myb/SP(4.6)SPG (v) 53 1 79t3
S-c-myb/N(17)-5PG () 1 8ste
S-c-mybls-SPG (i) RS | ssts
1 sexs
1 100%s
0 20 40 60 80 100
Cell growth /%

Fig. 6. Comparison of the ccll growth for all samples, when we administrated the sense sequence {S-c-myb) instead of the antisense sequence (AS-c-myb). The
other conditions were the cxactly same as those in Fig. 5. The numcrical results of the proliferation for the 50 ug/ml dose are prescnted in the left side of the

histograms.
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Dramatic depression in the cell growth is observed
when AS-c-myb was administrated as the peptide attached
s-SPG complex (xiv, xv). At 12.5 pg/ml dose, the cell
growths are depressed to 60% for R8(0.5)-SPG and to
56% for RGD(1.3)-SPG. When the administration was
increased to 50 pg/ml, the growths are drastically reduced
to 24% for R8(0.5)-SPG and to 17% for RGD{1.3)-SPG.
As discussed later in Figs. 6 and &, the drastic depression
can never be ascribed to the cytotoxicity of either phos-
phorothioates AS-c-myb or the peptide attached s-SPG. It
should be emphasized that the very small amount of the
modification level seems enough to enhance the cellular
uptake efficiency. As mentioned in the strategy section, the
RGD(1.3}-SPG complex is considered to be ingested
through receptor-mediated endocytosis. On the other hand,
the R8(0.5)-5PG complex is ingested through ‘potocytosis’
like pathway.

As presented in Table 1, all complexes studied are
negatively charged in total because of the excess amount
of AS ODNSs. Therefore, the attractive Coulombic force
should not work when the complexes approach to the
negatively charged cell surface from far away. However,
once the complexes happen to be in close vicinity to the cell
surface by the thermal motion or the flow of the culture
medium, the attached cations can interact with the cell

Cell line; A375

Carrier concentration
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surface. It is interesting that some negatively charged com-
plexes can show comparable efficiency in the cellular
uptake with the positively charged Lipofectin (see below).
Negatively charged complexes should show a different
performance from the conventional posijtively charged car-
rics, such as longer circulation in the blood. Therefore, we
can propose that this is one of the peculiar features of our
system, which is different from the conventional systemis,

We administrated AS-c-myb with Lipofectin according to
the standard protocol in the Invitorogen manual [48] (xvi).
The cell growth is less than those for amino- and «-amino
acid appended s-SPG systems; however, it is relatively
higher than the peptide appended s-SPG systems. According
to the previous work, when RGD was incorporated into
cationic liposomes for plasmid DNA delivery, the efficiency
increased by 2-10 times [31). Although exact comparisen is
impossible, our peptide appended s-SPG can be comparable
with those functional liposomes.

Fig. 6 compares the cell growth when the sense sequence
(not antisense sequence, denoted by 5-c-myb) was admin-
istrated with the same conditions as those in Fig. 5,
Theoretically speaking, there should be no depression
observed in the cell growth. However, the cytotoxicity of
the phosphorothioates decreases the growth due to non-
antisense effect. From (ii) administration of the naked S-c-

Lipofectin(y) FEZEHR

W oopgm O 75 pgmt E1150 pgimt

RGD(1.3}SPG (x) [

RB(0.51-SPG (i) [ e

S(6.9)-SPG (x) |

R(13.5}-SPG (x) o

R(3.6)-SPG (vii)

APPD{4.1)-SPG (vii) F

SP(24.7)-SPG (vi) [ e L e

SP(12.7}SPG (v)

SP(4.6)}-SPG (iv)

N(17)SPG (i)

s-SPG (j) |

Control (7

100
Cell growth %

Fig. 7. The cytotoxicity test for the camriers used in this study. The doses are 75 and 150 pg/ml, and the 150 dose corresponds to the same amount of dose in

weight as those in 50 pg/ml dose in Fig, 5.

481



