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Introductwn 

INTRODUCTION 

Synthetic polymers have several advantages over naturally 

occurring polymers. First of all, virtually unlimited numbers of 

structures are possible for synthetic polymers. One can design a wide 

variety of polymer structures, which may not even exist in nature. 1 

By designing, properties of a synthetic polymer including 

mteraction of a polymer with cell components can be controlled.2 For 

example. a synthetic polymer can have superior mechanical strength 

compared to naturally occurring polymers. Chemical properties of a 

synthetic polymer can also be arranged. For instance, a polymer may 

be designed to be either far more durable to an enzymatic attack than 

naturally occurring polymers or, in opposite, to be biodeg1·adable. 

Various synthetic polymers interact with cell or cell components 

such as DNA, RNA.3 and enzymes, 4 and many of those polymers show 

interesting biological activities. For example, poly(ethylenimine), 

poly(acrylic acid), poly(methacrylic acid), and copovithane show 

antitumor activities, and their antitumor activities have extensively 

been studied because of therapeutic interest. 5 

In order to design a synthetic polymer that can interact with cell 

components, two strategies are mainly possible. One strategy is to 

adopt a part or whole functional structure in a known biologically active 

substance of natural origin into the backbone structure of a synthetic 

polymer which has other desirable properties. For instance, insulin, a 

growth factor, was immobilized on a non-biodegradable polymer 
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membrane. The membrane accelerats cell growth and is useful as cell 

culture matrices ~; Kobayashi et al reported that lactose bearing 

polystyrene enhances the adhesion of hepatocytes to a cell culture dish. 7 

This enhanced adhesion of hepatocytes is thought to be due to the 

binding between the lactose residues of the polymer and lactose 

receptors on hepatocytes.7 This "hybrid" approach is straight-forward. 

and the properties of a resulting polymer can be often predictable. On 

the other hand, the scope of this approach is limited by availability of 

parent structures. 

Another strategy focuses on the relation between a biological 

activity and physicochemical characteristics of a polymer. In the past, 

anionic polysulfonates and polyphosphates of either natural or 

synthetic origin was known to be potent inhibitors of transplanted 

tumors in mice.s. 9 Based on a hypothesis that this inhibition of tumor 

growth may conceivably be a function of the density and distribution of 

anionic charges within those polyelectrolyte molecules, Regelson and 

his coworkers synthesized and examined synthetic polymers of different 

charge densities for the tumor-inhibiting property and found that fully 

synthetic polymers such as ethylene-maleic acid copolymer could show 

significant antitumor activity. 1o In their study, the charge density of 

the polymer was controlled by amidation of the carboxyl groups on the 

copolymer. The maximum inhibition of tumor by the copolymer was 

observed at a certain optimal ratio of the carboxylate anion and the 

amide. Neither the polymer that was completely amidated nor the 

monomeric species showed the antitumor activity.Io 
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Regelson's work showed a possibility of a new approach to obtain a 

biologically active synthetic polymer. One does not necessarily have to 

mimic a structure of a known biologically active substance. Instead, 

one may design a polymer that has certain physicochemical properties 

which is required for a particular biological effect. This approach 

allows us to design bioactive synthetic polymers more flexibly. Here, 

however. one has to know in advance what kind of physicochemical 

characteristics is required to obtain a polymer with a desired biological 

activity. 

This thesis consists of two parts. In Part I, the interaction 

between a synthetic polymer poly(9-vinyladenine) (PVAd) and 

nucleotides was investigated using a newly developed technique, 

capillary affinity gel electrophoresis (CAG~~) . In part II, this thesis 

describes a novel growth promotion activity found for a synthetic 

polyanionic polymer poly(maleic acid-alt-7, 12-dioxaspiro[5.6]dodec-9-

ene) (MA-CDA) and interaction of MA-CDA with cell plasma 

membranes. 
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Part I Introduction 

INTRODUCTION 

One strategy to design a synthetic polymer that can interact 

with cell components is to introduce a part or whole structure of a 

naturally occurring biologically active molecule into the polymer. With 

expectation of a synthetic polymer that interacts with DNAs, varieties 

of synthetic polymers bearing nucleobases at the side chains of the 

polymer were synthesized, and their biological activities, especially 

complexation with naturally occurring nucleic acids, were investigated. I 

These polymers are often referred as nucleic acid analogues. 

Figure 1 shows the chemical structures of some typical nucleic 

acid analogues. Poly( vinyl) 1,1 poly(acrylate) and poly(methacrylate) 

2 ,1 and poly(acrylamide) and poly(methacrylamide) 3 ,1 analogues can 

be synthesized by free radical polymerization of corresponding 

co monomers. A poly(ethylenimine) analogue 4 1 is prepared by 

grafting of nucleobase derivatives onto poly(ethylenimine) backbones. 

A peptide nucleic acid analogue 5 is obtained using Merrifield solid 

phase synthesis. 2 

Interaction of those analogues with nucleic acids was certainly 

observed. Poly(ethylenimine) analogues formed complexes with 

polynucleotides.t Peptide nucleic acid type analogues interacted with 

DNA oligomers those have complementary bases.2 

These nucleic acid analogues have been used also in studies of 

biological activities of nucleic acids. For instance, in a study of 
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Figure 1. Structures of typical nucleic acid analogues. 
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interferon induction activity of a complex of poly(inos inic acid) and 

poly(cytidylic acid), a poly(vinyl) analogue, poly(vinylcytosine), was used 

as a model nucleic acid in place ofpoly(cytidylic acid).3 

Poly(9-vinyladenine) (PVAd) is one of those nucleic acid 

analogues, which carnes adenine moieties on a poly(vinyl) backbone 

(Figure 1). ·1•6 PVAd possesses several advantages over other nucleic 

acid analogues and natural polynucleotides. PVAd can be simply 

synthesized by polymerization of 9-vinyladenine.1 The monomer also 

can be easily obtained. The poly(vinyl) backbone is inert to most of 

chemical reactions, and therefore PVAd has far higher stabilities 

agains t chemical or enzymatic hydrolysis compared with natural poly

n ucleotides. 3 

Among nucleic acid analogues, PV Ad shows one of the 

s trongest interaction with single stranded DNAs and RNAs. As 

expected from the presence of adenine bases in its structure, PVAd 

formed a complex with poly(uridylic acid) (poly(U)) in an aqueous 

medium. 4·s Spectroscopic investigations including UV, CD, and 1H

and 31P-NMR studies suggest the complementary hydrogen bonding 

between the adenine moieties of PV Ad and uracil bases of poly(U) for 

the complex formation.7 In addition PVAd could form a complex also 

with naturally occurring RNA and DNA.S 9 Although the formation of 

complementary hydrogen bonding between the adenine moiety of PV Ad 

and uracil or thymine base of nucleic acid in the complex was 

speculated, a the detail of the complexation was yet to be elucidated. 

PVAd showed inhibition of DNA replication, RNA 
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transcription, reverse transcription, or protein synthesis in a cell free 

system.3 These inhibition effects were observed only for a template 

DNA or RNA that could form a complex with PVAd.3 PVAd inhibited 

also the in vitro replication of Leukaemia virus.3 In these activities, 

PV Ad is thought to function in a similar manner as antisense nucleic 

acids by its complexation with nucleic acids. 

The interaction between nucleic acid analogues and intact 

nucleic acids has been used for base specific separation of nucleic acids. 

Most often, nucleic acids are separated with slab gel electrophoresis 

(GE) based on a molecular sieving effect of gel. Introduction of ligands 

those show a specific interaction with nucleic acids adds an ability to 

GE an affinity promoting separation of nucleic acids. In the previous 

studies, PV Ad was used as the ligand in affinity gel electrophoresis 

(AGE) separation of polynucleotides. Separation of poly(A) from 

poly(U) with similar molecular weight was achieved by the AGE system, 

though the separation of the two polynucleotides was difficult with 

conventional GE.7•10 Naturally occurring RNAs or single stranded 

DNAs also was separated from double stranded DNAs, because the 

latter does not bind to PVAd.7.lO 

Also, AGE can be a valuable tool for quantitative study of 

specific interaction between an analyte and a ligand. Theoretical and 

practical aspects of AGE for determination of the apparent dissociation 

constant of a ligand-analyte complex are documented by Horejsi et 

aJ.ll.l2 

Using an AGE system with PVAd physically immobilized into 
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a gel matrix, Yashima et al. demonstrated the validity of AGE as a 

method to determine the interaction between PV Ad and nucleic 

acids. 7 to The order of the binding strength of polynucleotides to PV Ad 

was poly(I) > poly(U) > poly(G) - poly(A) >> poly(C) in AGE _7to 

In AGE, however, detection of nucleic acids separated is often 

time consuming and even difficult. For instance, in the AGE 

separation of DNAs using PVAd ligands. ethydium bromide was not 

suitable for the detection of DNA (fragment bands) because of poor 

binding of ethydium bromide to PVAd-DNA complexes. ln such a case, 

DNA may have to be radioactively labeled in advance. In addition. for 

a more precise study of an analyte-ligand interaction. a higher 

resolution in AGE is desirable. 

This weakness of AGE may be covered by combining AGE with 

capillary electrophoresis (CE) ln CE. electrophoresis is earned out in 

a capillary, generally smaller than 100 JA-m in the diameter.l3 The 

resolution of electrophoretic separation IS approximately proportional 

to the applying voltage. The much smaller size of a capillary allows 

more effective heat discharge than conventional electrophoreSIS. 

Therefore in C~~. it is possible to apply a high voltage for high resolution 

in electrophoresis such as 200 V/cm. 

Capillary gel electrophoresis (CGr~) inherits these advantages 

of CE. Introduction of a gel matrix similar to that in s lab gel 

electrophoresis into CE made it possible to separate oligo- and 

polynucleotides with higher resolution. 11 The resolution and speed of 

CGE are much better than those of slab gel electrophoresis. Typically 

11 
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the theoretical plate number for the separation ofpolynucleotides is 1.5 

- 3.0 x 107 plates/min CGE, which is about 10 times larger than that in 

slab gel electrophoresis. til A typical run in CGE requires less than 30 

min, which is much shorter than that in conventional slab gel 

electrophoresis. tTsing UV absorption. separated oligonucleotides can 

be detected in real time. In addition capillary can be reused multiple 

times. The amount of a sample necessary for a run can be very small, 

typically less than 10 ng per species. 

However, this possibility to develop a new method capillary 

affinity gel electrophoresis (CAGE) by introducing the affinity mode to 

conventional CGE has never been extensively explored Limited 

numbers of the previous attempts include chiral separation of 

tryptophan with albumin gel 16 Also Guttman and Cooke expected 

specific separation of double-stranded DNA fragments by the 

intercalatiOn of ethidium cations in CAGE. They used capillaries 

filled with linear polylacrylamide-dissolving ethidium bromide as the 

mobile ligand. 17 However, recognition of specific nucleic acid base in 

has never been achieved using their system. 

The present study investigates a possibility of CAGE as a 

system for separation of oligonucleotides and analysis of the 

interaction between a ligand and DNA fragments. In Chapter 1, a 

CAGE system is constructed by immobilizing PVAd in a gel. Here a 

synthetic polymer PVAd is used as the first example of a gel 

immobilized macromonomer ligand (macroligand)202t in CAGE. 

Previous experiences in AGE suggest that an electrically neutral 
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macroligand such as PV Ad be suitable also for CAGE. 

A naturally occurring DNA duplex consists of two 

complementary strands ts In most cases. an insertion of a 

mismatching base pair into the duplex decreases the thermodynamic 

stability of the duplex_l7· 22 This destabilization is thought to be 

important for DNA repairing enzymes to detect and repair the 

mismatch. 17 The destabilization by a mismatching base pair is 

mainly explained by a decrease in the stacking interaction between the 

mismatching base pair and the neighboring base pairs. 11. 21.22 

PVAd interacts with naturally occurring DNA and forms a 

complex.7·10 The PVAd-DNA complex is expected to contain a lot of 

mismatching base pairs because the homogeneous adenine base 

sequence ofPVAd would not exactly match the heterogeneous sequence 

of a native DNA In theory. the effect of mismatching pairs on the 

thermodynamic stability of a PVAd-DNA complex should be reflected 

on the migration time of a DNA in the CAGE system. 

In Chapter 2, the effect of a mismatching base in an 

oligonucleotide sequence on the interaction between PV Ad and the 

oligonucleotide is actually evaluated using the CAGE system. 

[1] 

[2] 
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Chapter 1 

Chapter 1 

Capillary affinity gel electrophoresis for a new method to 

investigate interaction between nucleic acids and its 

analogue 

This chapter describes the construction of a capillary affinity 

gel electrophoresis (CAGE) system as a novel tool for both separation of 

oligodeoxynucleotides and evaluation of the interaction between an 

oligodeoxynucleotide and an immobilized affinity ligand. One of the 

most critical points in the construction of a CAGE system lS 

preparation of a capillary that is filled with a gel incorporating an 

affinity ligand. There was no previous report that describes the 

immobilization of an affinity ligand into gel in the capillary. 

In previous studies of affinity gel electrophoresis, three 

methodologies have been examined1·2 to incorporate an affinity ligand 

into the gel matrix: (1) mobile ligands in gel matrix (Figure 1-1A), (2) 

macroligands entrapped within gel matrix (Figure 1-1B), and (3) 

ligands covalently bound to gel matrix (Figure 1-1C). The macroligand 

method has advantages over other two ligand incorporation methods.1 2 

Preparation of the gel matrix is much simpler than covalently bonded 

immobilization. Moreover, by immobilizing a ligand into gel matrix, 

one can assume the mobility of the ligand-analyte complex to be zero.1·2 

With this assumption, the migration time of the analyte can be simply 
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(A) (B) (C) 

Figure 1-1. Schematic representations of affinity ligands in gel 
matrix; (A) mobile ligand method, (B) macroligand method (C) 
directly immobilized ligand method . ' 

related with the association constant of the ligand-analyte complex. 

With mobile ligand, the mobility cannot be negligible, and the 

mathematical expression of the behavior of the system could be 

considerably complex. 

The CAG~~ system built in this study first adopted the 

macroligand approach. A nucleic acid analogue, poly(9-vinyladenine) 

(PVAd) was immobilized as a macroligand by in situ polymerization in 

a capillary. As the macroligand. PVAd was selected. because PVAd 

was satisfactorily used in the previous affinity gel electrophoresis 

(AGE) systems.3 1 As already described, PVAd has other advantages 

such as strong binding to oligonucleotides. The CAGE system thus 

constructed is expected to possess advantage of both AGE and capillary 

gel electrophoresis (CGE). The reliabillty and the characteristic of 

CAGE system were examined in separation of model oligonucleotides. 

18 
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MATERIALS AND METHODS 

Materials 

Acrylamide, N,N'-ethylenebis(acrylamide) (BIS), N,N,N',N'

tetramethylethylenediamine (TEMED), and ammonium peroxodi

sulfate were of the electrophoretic grade from Wako Pure Chemicals 

(Osaka). A mixture of oligodeoxyadenylic acids with chain length from 

12 to 18, (dA)lz-ls, and that of oligothymidylic acids, (dT)12• 18, were 

purchased from Pharmacia (Uppsala, Sweden). (dT)In was chemically 

synthesized using a Model391 DNA synthesizer (ABI, Foster City, CA) 

Pol)j(9-vinyladenine) (PVAd) was prepared according to the litera ture5 

and fractionated using ultrafiltration with Amicon membranes 

(Amicon standard cell 8200, molecular weight cutoff: 10,000 30,000, 

and 50,000) under nitrogen pressure (2.0 kg/cm2). Polyimide-coated 

fused silica capillaries (375 f..lm outer and 100 !lm inner diameters) 

were obtained from GL Sciences (Tokyo) and used in electrophores1s 

(effective length 22 em and total length 42 em). All other chemicals 

were obtained from Wako Pure Chemicals and used without further 

purification. The buffer used in the preparatwn of gel-fllled capillaries 

and in the electrophoresis was a mixture of 0.1 M Tris and 0.1 M boric 

acid with an appropriate concentration of urea (pH 8.6). 

Preparation of capillaries filled with PVAd-immobilized 

polyacrylamide gel 

Capillaries filled with polyacrylamide gel were prepared 
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according to the literature.6 The gel composition was fixed to be 8%T 

and 5%C. A similar method was used to produce capillaries filled 

with PVAd-immobilized polyacrylamide gel. To 5 ml of an aqueous 

mixture of PVAd, acrylamide, and BlS (8%T and 5%C) were added 20 

1-11 of a 10 wt% aqueous solution of ammonium peroxodisulfate and 20 

1-11 of a 10 vol% aqueous solution of TEMED. A capillary was filled 

with the resulting solution by using an apparatus described in Figure 1-

2. 

Capillary 

.. Aspiration 

Monomer solution 

Figure 1-2. Schematic representation of the apparatus to introduce a 
monomer solution into a capillary. 

Then the both ends of the capillary were sealed with a plastic film, and 

the capillary was warmed in a water bath (35 °C) for 5 h to complete 

polymerization of the monomers. The percentage ofPVAd in a gel was 

obtained using equation 1. 
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%PVAd = PVAd(g) X 100 
acrylamide(g) + BIS(g) + PVAd(g) 

(1) 

Capillary gel electrophoresis 

Gel filled capillaries were mounted on a Model 270A capillary 

electrophoresis system (ABI) or a CE-800 capillary electrophoretic 

system (Jasco, Tokyo). There was no practical difference between the 

two systems that might affect the results. Electrophoresis was carried 

out by applying a voltage of 9 kV (214 V/cm). Before an actual 

measurement, a capillary filled with polyacrylamide gel was aged for 

30 min to remove any unreacted monomer and initiator that might be 

remaining in the gel. Oligonucleotides (ca 1 unit/ml running buffer) 

were electrophoretically injected into the capillary by applying a voltage 

of 5 kV for 1 s. Oligodeoxynucleotides were detected using absorption 

at 260 nm. Electropherograms were processed on either a D-2500 

integrator (Hitachi, Tokyo) or a CR-3A integrator (Shimadzu, Kyoto). 

RESULTS 

Capillary affinity gel electrophoresis of oligodeoxynucleotides 

using PV Ad ligands 

Figure 1-3 shows electropherograms of (dA)I2-I8 under three 

different concentrations of immobilized PVAd. The separation of 

oligo(dA)s was not affected by the immobilization ofPVAd in gel 
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(A) 

(B) 

(C) 

I I I 

10 11 12 13 14 15 16 
Time (min) 

Figure 1-3. Separation of (d.A) 12-lS in capillaries f11led with PVAd
immobilized acryamide gel. Concentration of immobilized PV Ad: (A) 0 
%, (B) 0.05 %, (C) 0.2 %. Running buffer: 0.1 M Tris-borate and 5.6 M 
urea (pH=8.6). Capillary temperature: 30 ·c. 
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matrix. Both in the absence and in the presence ofPVAd, oligo(dA)s 

were baseline-resolved into seven bands within 15 min. The plate 

number calculated was (1-8) x 106 plates/m.7 Even in the presence of 

0.2 % PV Ad, there was no significant change of the peak shape 

compared with the case without PVAd. 

The capillaries containing PVAd showed stability comparable 

to a capillary without PVAd. The average migration time of 

oligo(dA)12 in ten repetitive measurements on a single capillary was 

15.0 min with the relative standard deviation of 2 6% when the 

concentrations of PV Ad and urea were 0. 02 % and 4. 0 M, respectively. 

In addition no change of the peak shape was observed during the ten 

measurements (data not shown). 

Oligo(dT)s were also completely separated into seven bands in 

capillary gel electrophoresis without PVAd (Figure 1-4A). However 

the electrophoretic profiles of oligo(dT)s were drastically changed when 

PVAd was immobilized in gel matrix (Figure 1-4B, C) The migration 

times of oligo(dT)s increased as either the concentration of immobilized 

PV Ad or the length of oligo(dT) increased. At 0 2 % PV Ad, all of the 

oligo(dT)s did not migrate at all (Figure 1-4C). This is probably due to 

strong binding of ohgo(dT) to PVAd immobilized gel. 

Effect of the molecular weight of PVAd on the migration of 

oligo(dA)s and oligo(dT)s is summarized in Table 1. Under this 

conditwn, the migration of oligo(dA)s or (dT)12 was unaffected by the 

presence of PV Ad regardless the molecular weight of PV Ad. However 

the migration times of (dT)15 and (dT)Js showed a significant increase 
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(A) 

(B) 

(C) 

10 11 12 13 14 15 16 17 18 
Time (min) 

Figure 1-4. Separation of (dT) 12-lS in capillaries filled with acrylamide gel or 
PVAd-immobilized gel. Concentration of immobilized PVAd: (A) 0 %, 
(B) 0.05 %, and (C) 0.2 %. Electrophoretic conditions are same as in Figure 
1-3. 
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with PV Ad of higher molecular weight. The retardation of the 

migration time was more significant for (dT)ts than (dT),5. 

Table 1-1 Migration time of oligodeoxynucleotides in 
capillary affinity gel electrophoresis using PV Ad with 
different molecular weights 

Migration time (min) 

Without PV Ad with molecular weight of: 

PVAd 

Oligonucleotides < 104 1-3 X 104 3-5 X 104 

(dT)t2 13.20 13.50 14.26 13.76 

(dT)ts 14.01 14.56 15.56 16.00 

(dT)ts 14.35 14.84 17.62 20.87 

(dA)t2 12.54 12.87 12.62 12.55 

(dA)t5 13.34 13.72 13.40 13.31 

(dA)t6 13.62 14.00 13.66 13.58 

Concentration of PVAd was 0.05 %. Electrophoretic conditions 

are as in Figure 1-3. 

The migration of oligo(dA)s became slower as the 

concentration of urea in the gel preparation and in the running buffer 

increased (Figure 1-5A). A similar dependence was also observed in 

the case without PV Ad (data not shown). This increase of the 

migration time was consistent with the change of the viscosity of the 

buffer by increasing urea concentration (Figure 1-6). The change of 

migration time of (dT)12 by the urea concentration was similar to that of 

oligo(dA)s (Figure 1-5B). In contrast the migration time of (dT) ts and 
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Figure 1-5. Effect of urea concentration in buffer on migration time 
of oligodeoxyadenylic acids (A) and oligothymidylic acids (B) in 
capillary amnity gel electrophoresis. Conditions are same as in Figure 
1-3 except concentrations of urea and PVAd (0.02 % ). 

Chain length of deoxynucleotides : 12 (~ ), 15 (0 ), and 16(. ). 
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(dT)tG drastically decreased in the range of the urea concentration from 

4.0 M to 6.0 M, then increased as the urea concentration became higher 

(Figure 1-5B) . 

2.5 

2.0 t- • 
.---
~ 
c.l • ._.. 
..... 1.5 t-.... - • fll 
0 • c.l 
fll 1.0 I ;- • -> • 

0.5 r-

0 I _l _l I I 

0 2 4 6 8 10 12 
Urea concentration (M) 

Figure 1-6. Viscosity change of 0.1 M Tris-borate buffer as a 
function of urea concentration at 25 ·c. 

The effect ofPVAd and urea concentration on the separation of 

the oligonucleotides are summarized as the plate number in Table 2. 

For oligo(dT)s , the introduction of PVAd into gel matrix generally 

causes the decrease of the plate number. The decrease could be 

compensated by using higher concentration of urea. The plate number 

for (dT)15 in the presence of PVAd drastically increased as the 

concentration of urea mcreased The plate number for (dT) ta with 6.0 

M urea was 28 times larger than that with 4.0 M urea. In the case of 

oligo(d.A)s, both t he introduction of PVAd and the increase of the urea 
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concentration accompanied only a minor decrease of the plate number. 

Table 1-2 Plate numbers for separation of oligodeoxy
nucleotides by electrophoresis using capillaries filled with 
PVAd immobilized gel 

Oligonucleotides PVAd Urea Plate number 

concentration concentration (m·l) 

(%) (M) 

(dT)J2 0 4.0 5.7 X 105 

0.02 4.0 2.8 X 104 

0.02 6.0 4.6 X 105 

0 4.0 6.4 X 105 

0.02 4.0 1.2 X 103 

0.02 6.0 3.4 X 101 

(dA) J2 0 4.0 5.1 X 105 

0.02 4.0 3.2 X 105 

0.02 6.0 1.2 X 105 

(dA) J5 0 4.0 5.7 X 105 

0.02 4.0 5.5 X 105 

0.02 6.0 2.4 X 105 

Electrophoretic conditions other than the concentration of PV Ad and 
urea are as in Figure 1-3. 

Capillary temperature also affected the migration of 

oligonucleotides. Figure 1-7 shows the relationship between the 

migration time of oligonucleotides and capillary temperature with 

0.05 % PVAd immobilized gel. The migration time of oligo(dA) 

decreased as the capillary temperature increased. A similar effect of 

the capillary temperature on the migration times of oligo(dA)s and 
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Figure 1-7. Effect of capillary temperature on migration time of 
oligoadenylic acids (A) and oligothymidylic acids (B) in capillary amnity gel 
electrophoresis with O.OS o/o PV Ad. Conditions are same as in Figure 1-3 
except capillary temperature. Chain length of oligodeoxynucleotides : 12 

(.6.),1S (0), and 16(.). 
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oligo(dT)s was also observed without PVAd (data not shown). 

Although the migration times of oligo(dT)s also decreased with increase 

of the capillary temperature, the change between 30 oc and 40 oc was 

more drastic than that of oligo(dA)s. At the same time the plate 

number for the oligo(dT) separation was also increased. The plate 

number for (dT)15 was 1 x 105 /mat 50 °C. 

A capillary filled with PVAd immobilized gel was effective for 

base specific separation of oligodeoxynucleotides. Figure 1-8 compares 

the separation of a mixture of (dA)12-1s and (dT),s using a capillary filled 

with conventional acrylamide gel to that filled with PVAd immobilized 

gel In electrophoresis using a conventional gel filled capillary, the 

peak of (dT)15 appeared between (dA)11 and (dA)1s and was not clearly 

resolved from those two oligo(dA)s (Figure 1-8A). Using a capillary 

filled with PV Ad immobilized gel and controlling the capillary 

temperature, (dT),s was separated from the mixture of (dA)l2-J8 (Figure 

1-8B). The resolution was further improved by optimizing 

concentrations of both PVAd and urea (Figure 1-8C). In Figure 1-8C 

the separation was achieved less than 32 min, and the plate number for 

(dT)u> was 5 x 105 /m. 
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DISCUSSION 

Capillaries filled with polyacrylamide gel immobilizing PVAd 

showed stability comparable to that without PVAd. The excellent 

reproducibility confirmed ill the repetitive separation of 

obgodeoxynucleotides ill the present study proves that CAGE with 

PVAd ligands is h1ghly reliable. 

PVAd immobilized in gel does not sigm.ficantly interact with 

oligo(dA)s. The presence of PV Ad did not affect the electrophoretic 

profile of oligo(dA)s including the peak shape and the mobility. In 

contrast, the migratwn of oligo(dT)s became slower by immobilization 

of higher concentration of PVAd m gel matrix and for longer chain 

length of obgo(dT)s These results suggest that the retardation of 

oligo(dT) migration should be attributed to the specific interaction 

between PVAd and oligo(dT)s as also seen in the case of AGE of 

polynucleotides using PV Ad immobilized slab gel supports. '1. 1 

In analogy with the complementary hydrogen bonding known in 

a DNA duplex, the interaction between PVAd and oligo(dT)s is 

expected to be based on hydrogen bonding. The observed dependence 

of the migration behavior of oligo(dT)s to the urea concentration and the 

capillary temperature further supports this view. 

The effect of the urea concentration and of the capillary 

temperature to the mobility of oligo(dA)s may be attributed to the 

change of the viscosity of the gel Mobility of an electrophoresed 

substance is inversely proportional to the viscosity of the medium.s 
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In the case of oligo(dT)s, the migration times of oligo(dT)t5 and 

oligo(dT)ts first decreased and then mcreased as the concentration of 

urea in running buffer illCreased. This behavior indicates that urea 

should have two possible effects on the migration of oligo(dT)s 

counteracting each other One is to increase medium viScosity, that 

explains increase of the migration time above 6.0 M urea. The other 

one is to decrease the interaction between PVAd and oligo(dT)s, which 

becomes significant at urea concentration below 6.0 M. 

The increase of capillary temperature causes a decrease of the 

viscosity of gel, resulting a mcrease of the mobility of 

oligodeoxynucleotides The more drastic change of the migration time 

observed for oligo(dT)s than for oligo(dA)s between 30 oc and 40 oc 
indicates weakening of the interaction specific to oligo(dT)s by higher 

temperature. Increase of temperature or urea concentration is known 

to cause the des truct1on of hydrogen bonding. 9 These observations 

suggests strongly hydrogen bonding as a plausible interaction between 

PV Ad and oligo(dT)s in CAGE separation. 

Similar to the observation in the present study using CAGE, in 

the previous studies of the interaction between PV Ad and poly(U) in 

aqueous bulk media, the thermodynamic stability of a PV Ad-poly(U) 

complex became higher with increasing of the molecular weight of 

PV Ad.1° However the basis for this effect of the molecular weight of 

PVAd on the stability ofPVAd-oligonucleotide complexes still remains 

unclear. 

The migration times of oligo(dA)s which have little interaction 
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with PVAd in CAGE with PVAd ligands were almost identical to that 

without ligand. This result suggests that gel matrices of a similar 

pore s1ze were genera ted in both of the capillaries regardless the 

presence of PVAd. This is one of the essential points in the 

preparation of a gel matrix which immobilizes an affinity ligand for 

AGE because, in evaluation of the interaction between an affmity 

ligand and an analyte, the effect of the interaction on the 

electrophoretic behavior of the analyte is to be singled out by comparing 

results obtained with and without the ligand.1 2 (see Chapter 2) 

Contribution of factors other than the affinity interaction, such as 

s ieving effect of gel, to difference between the two electrophoretic 

behaviors has to be negligible. 

The present study demonstrated that a capillary for CAGE 

with immobilized affinity ligands can easily be prepared by a simple 

procedure. In principle, the preparation does not involve any process 

which is particular to the current PVAd system. Therefore the same 

protocol should be applicable to other combinations of ligands and 

analytes. 

The results described above show that the separation in the 

CAGE system can be flexibly controlled by adjusting the concentrations 

of PVAd and urea, and capillary temperature. This allows fine 

optimization of the separation condition as demonstrated by the base 

line resolution of (dT)1s from oligo(d.A)s. Here, one can see that the 

excellent combination between high resolution of CGE and affinity 

separation of AGI~ is materialized in the present CAGE system. The 
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CAG~~ system is quite sens itive to a small difference in the interaction 

between PV Ad ligands and oligodeoxynucleotides. This aspect of the 

system is further explored in the study of the effect of a mismatching 

base in an oligonucleotide sequence on the interaction with PVAd 

described in Chapter 2. 
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Chapter 2 

Interaction between nucleic acids and its vinylanalogue, 

poly(9-vinyladenine) 

In the previous chapter, a capillary affinity gel electrophoresis 

(CAGE) system was constructed for separation of oligonucleotides as 

well as evaluation of specific interaction between poly(9-vinyladenine) 

(PV Ad) and oligonucleotides. The reliability and the basic 

characteristics of the CAGE system were demonstrated with simple 

homooligonucleotides. In this chapter, the CAGE system was applied 

to a more complicated example; oligonucleotides bearing heterogeneous 

nucleobases. 

In a native DNA duplex, mismatching among bases are known to 

destabilize the duplex. 1 In order to study a similar effect of 

mismatching on the interaction between PVAd and oligonucleotides, 

hexadeoxynucleotides bearing thymidylic acid-deoxyadenylic acid 

sequences (dT-dA hexamers) were systematically synthesized as the 

model sequence. Using the CAGE system, apparent association 

constant was obtained for the complexation between PVAd and the dT

dA hexamers. 

Moreover. the present CAGE system was applied also for 

separation of native DNA Specific recognition of a single base 
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mutation on partial sequences of ras oncogene was investigated by this 

CAGE system. 

MATERIALS AND METHODS 

Materials 

Cytosine 5'-monophosphate (CMP) was purchased from Sigma (St. 

Louis, MO, U.S.A). All oligodeoxynucleotides used in this study were 

synthesized using a Model391 DNA synthesizer (ABI, Foster City, CA). 

PV Ad used in this experiment has its molecular weight in the range 

from 10,000 to 30.000 All other reagents and materials including 

buffers were the same as those used in Chapter 1. The preparation of 

gel-filled capillaries was also described in Chapter 1. 

Capillary gel electrophoresis 

Capillary electrophoresis was run on a CE-800 capillary 

electrophoretic system (Jasco, Tokyo) with a buffer solution containing 

4.0 M urea at 9 kV (214 V/m). Samples those contain CMP as the 

internal standard were electrophoretically injected into the capillary by 

applying 5 kV for 0.1 s. All the oligodeoxynucleotides were detected at 

260 nm. Electropherograms were processed on a CR-3A integrator 

(Shimadzu, Kyoto). Capillary temperature was kept at 20 ± 0.5 °C. 
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Theory 

The apparent association constant (Ka) for complex formation 

between a nucleic acid (N) and PVAd (L) is expressed as equation 1. 

N+L ~. N·L Ka = [N·L] I [N] [L] (1) 

where N · L indicates the complex, and the brackets represent the 

concentration of respective species. In the present study, Ka was 

obtained in accordance with the established theory of affm1ty 

electrophoresis. 3 

For electrically neutral PVAd having appropriate size (considered 

as 20,000 in this study), the mobility of the PVAd-nucleic acid complex 

could be regarded as zero In thlS case, the relationship between the 

mobility and the concentration of nucleic acid can be given by equabons 

2 and 3. 

11- o [ N] total =---
11- [N] 

(2) 

[ N] total = [ N] + [ N • L] (3) 

where Jlo and 11 are respective mobilities of a given nucleic acid in the 

absence and presence ofPVAd. Combining equations 1, 2 and 3 yields 

equatlon 4. 

11-o = 1 + Ka[L] 
11-

(4) 

The concentration of free PVAd ([L]) is practically equal to the total 

concentration of PVAd in the gel ([Lltotal) when [Lltotal is much higher 

than the total concentration of nucleic acid. The migration time t is 
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inversely proportional to the mobility. Equation 4 is expressed as 

equation 5. 

t = to(l + Ka[L]total) (5) 

where to is the migration time of the nucleic acid without PVAd ([L]total 

= 0). In this study, the migration time of nucleic acid at various 

concentrations of PVAd is experimentally determined, and Ka is 

obtained from the slope of the tlto vs. [L]total plot. 

RESULTS 

Interaction of PVAd with homodeoxynucleotide hexamers 

In Chapter 1, the interaction between PV Ad and two 

homodeoxyoligonucleotides, deoxyadenylic acid (dA) and thymidylic 

acid (dT), was studied using a capillary affinity gel electrophoresis 

(CAGE) with PVAd immobilized. Investigation was extended to the 

cases with deoxyguanylic acid (dG) and deoxycytidylic acid (dC). A 

typical electropherogram of a mixture of four different homodeoxy

nucleotide hexamers with or without PV Ad immobilized is shown in 

Figure 2-1. Only for (dT)s, the relative migration time to the internal 

standard (CMP) became longer in the presence of PVAd. Peaks with 

the other three hexamers appeared at almost the same positions as 

that observed with CMP regardless of the presence ofPVAd. 
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(A) 

CMP 

12 21 

(B) 
(dA)6 and (dC) 6 

CMP 

11 
Time (min) 

20 

Figure 2-1. Electrophoresis of homodeoxynucleotide hexamers. 
(A) CGE without PV Ad. (B) CAGE with 0.2 % PV Ad. 
Running buffer: 0.1 M Tris-borate and 4,0 M urea (pH=8.6). 
Capillary temperature: 30 ·c. Other conditions are described 
in Materials and Methods. 

The relative migration time of the hexadeoxynucleotides with 

various concentrations of PVAd was investigated, and the result is 
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shown in Figure 2-2 The relative migration time of (d.A)s, (dC)s, and 

(dG)s was not significantly affected by the PVAd concentration up to 

0.4 %. On the other hand the migration time of (dT)s drastically 

increased linearly to the PVAd concentration. This linear relationship 

is consistent with the assumption for the complex formation according 

to equation 1 (correlation coefficient of 0. 95 in the least-square method). 

Using equation 5, the apparent association constant of complexation, 

Ka, was calculated as listed in Table 2-1 (1-4). The Ka of PVAd-(dT)s 

complex was approximately 7 times larger than that ofPVAd-(dG)s and 

80 times larger than that ofPVAd-(d.A)s or PVAd-(dC)s. 

Ill 
~ 

:5! 1.7 -0 
~ 

'Cj 
1.6 = c 

~ 
~ 
~ 1.5 .c -.. 
0 
~ 

.5 1.4 (dG)6 -c 

.s 1.3 -~ e 1.2 (d.A) 6 and (dC)6 

~ 
II--- 1.1 !: 
~ 0.0 0.1 0.2 0.3 0.4 0.5 

Concentration ofPVAd (%) 

Figure 2-2. Migration time of bomodeoxynucleotide bexamers 
relative to CMP in CAGE separation as a function of the 
concentration of PVAd in gel. (d.A) 6 and (dC) 6 remained 
unresolved under this condition. Electrophoretic conditions 
except PVAd concentration are same as in Figure 2-1. 
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Table 2-1. Apparent Ka for PVAd-oligodeoxynucleotide 
complexation 

Base sequence 
(5' to 3') 

Relative migration time to 
CMP 

without 
PVAd 

(to) 

with PVAd 
(t) 

Ka 
(mol· ldm3) 

(1) AAAAAA 1.170 1.176 500 ± 300 
(2) GGGGGG 1.297 1.357 5900 
(3) cccccc 1.170 1.176 500 ± 300 
(4) T'I'T'I'TI' 1.239 1.627 39800 ± 800 ........ (5) .................... TAMAA ......................... i:i7'7 ......................... i:·is5 .............................. sO'a .. ±·3·a·a ...... .. 
(6) TTAAAA 1.193 1.203 1100 ± 300 
(7) TTTAAA 1.202 1.233 3200 ± 400 
(8) T'ITTAA 1.210 1.280 7100 ± 700 
(9) TT'ITTA 1.228 1.442 22300 ± 1200 ················································································································································· .............................................................. . 

(10) T'ITTAT 1.228 1.364 13900 ± 930 
(11) TTTATT 1.228 1.336 10800 ± 970 .................................................................................................................................................................................................................. 
(12) TTTATA 1.210 1.690 6580 
(13) TTATTA 1.210 1.662 6330 
(14) TTTAAT 1.210 1.500 4000 
(15) TTATAT 1.210 1.500 4000 

All the runs except for (10) - (15) were triplicated. Concentration of 
PVAd was 0.4% (row (1)- (9)), 3.0% (row (10)- (15)). 
Electrophoretic conditions are same as in Figure 2-1 . 

Interaction between PVAd and hexadeoxynucleotides 

containing different lengths of thymidylic acid units 

Hexadeoxynucleotides those had thymidylic acid and adenylic acid 

(dT-d.A hexamers) at various ratios were synthesized. Typical 

electrophoretic profile of a mixture of dT-d.A hexamers those have a T 

sequence from zero to six is shown in Figure 2-3. In the presence of 

PVAd, significant retardation in the migration was observed with the 

dT-dA hexamers of which the T sequence was longer than 3. 
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~ 'l'l'l*l*l'l' 

~ 'I'ITITA 

~ 'ITITAA 

e TTTAAA 

o ITAAAA 

• TAAAAA 

o AAAAAA 

Figure 2-4. Migration times of dT -dA hexamers relative to CMP in 
CAGE as a function of the concentration of PV Ad. Electrophoretic 
conditions except PVAd concentration are same as in Figure 2-1. 

The relative migration time of the dT-dA hexamers was measured at 

different PVAd concentrations as shown in Figure 2-4. The Ka-values 

for the complexation of the hexamers with PVAd are summarized in 

Table 2-1 (5-9). The change of the s tandard free energy (.10°) for the 

complex formation is calculated using equation 6. 

J1G = -RT lnKa (6) 

where R is the gas constant and T is the temperature (293 K in the 

present study). The results are related with the length ofT sequence 

(Figure 2-5). The .10° decreased as the length ofT sequence increased. 
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Figure 2-5. Free energy change for complex formation 
between PV Ad and deoxynucleotide hexamers as a function 
of the length of thymidylic acid sequence. 

Interaction between PV Ad and hexadeoxynucleotides having 

various thymidylic acid sequences 

T5Al dT-dA hexamers were designed by systematically replacing 

one thymidylic acid unit by an adenylic acid unit in (dT)s sequence as an 

example of base mismatch. There are six different T5Al hexamers, 

namely, 5'-TTTTTA-3', TTTTAT, TTTATT, TTATTT, TATTTT, and 

ATTTTT. 

Figure 2-6 shows the electrophoretic profile of a mixture of (dT)G 

and three T5Al hexamers, TTTTTA, TTTTAT, and TTTATT. In the 

absence ofPVAd, the three T5Als could not be resolved clearly, while 

(dT)s migrated separately from the T5Als (Figure 2-6A). 
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(A) 

TTIATI TITI'AT TITITA 

'~~ 

(B) 
TTIATT 

"" 
'I'l'ITAT 

I 'l'ITITA 

/ TITI'l'I' ....----

15 20 25 

Time (min) 

Figure 2-6. Electrophoresis of a mixture of (dT)6 and T5Al hexamers in 
CGE (A) and CAGE with 0.4 % PV Ad. 
Sample: 1; TITATI, 2; 'ITITAT, 3; ,...,I",...I" .... I .... 'I ....... TA, 4; 'ITITIT. 
Electrophoretic conditions are as in Figure 2-1. 
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The difference m the migration time among (dT)s and T5Als was 

largely enhanced by the presence of PV Ad (Figure 2-6B). The three 

T5A1s were completely separated each other in the presence of PV Ad. 

ATTTTT, the antiparallel sequence to TITI'TA, was migrated at 

the position identical to TTI'TTA (data not shown). This is also the 

case for a pair of TATI'TT and TTI'TAT, or a pair of TTATI'T and 

TI'TATT. By reducing the concentration of urea in the buffer to 2.0 M 

and increasing the PV Ad concentration to 2. 0 %, however, TI'T ATT and 

TIATIT were resolved each other into two peaks (Figure 2-7). By 

optimizing the condition, the interaction between PV Ad and the T 

bases increased, and it seemed to reveal the small difference in the 

antiparallel pair. However, although TIATI'T that showed a longer 

migration time should have more strongly interacted with PVAd than 

TTTATT, the exact Ka's for these two T5A1s could not be determined 

due to the difficulty in complete separation between the two T5A1s. 

The Ka's for the three T5A1s were calculated from Figure 2-8, and 

are summarized in Table 2-1 (9-11). The correlation coefficients for 

the fitted lines in Figure 2-8 were 0. 97, 0. 99, and 0. 98 for TTI'TTA, 

TI'TI'AT, and TTI'ATI, respectively. It was found that the Ka for the 

T5Al-PVAd complexation decreased when the position of the base 

mismatching shifted toward the center of the T5A1 sequence. 
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5'-TI'TATT-3'~ 
5'-TTATI'T-3' 

/ 

18 23 
Time (min) 

Figure 2-7. Separation of5'-TI'TATT-3' and 5'-TTATI'T-3' 
in CAGE with 2.0 % PVAd in gel. Electrophoretic conditions except the 
concentrations of PVAd (2.0 %) and urea (2.0 M) are same as in Figure 2-1. 

1.4 

1.3 

1.2 +----r----r--...... --r----1 

0.0 0.1 0.2 0.3 0.4 0.5 

Concentration of PVAd (%) 

Figure 2-8. Migration times of dT -dA hexamers relative to CMP 
in CAGE as a function of PV Ad concentraiton in gel. 
Nucleotides: TI'TATT (0), TITI'AT (.),and TITITA (Q) 
Electrophoretic conditions except the concentration of PV Ad are 
same as in Figure 2-1. 
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Similarly, T4A2 dT-dA hexamers those consist of four thymidylic 

acid units and two adenylic acid units were examined. Three different 

T4A2s were designed to have a series of sequences in which one base 

mismatchmg occurred at the 3'-end and the other ones systematically 

shifted its position toward the center of the sequence, namely, TTTTAA, 

TTTATA, and TIATIA. 

With a mixture of the three T4A2s and TITAAA, a typical 

electrophoretic profile is shown in Figure 2-9. The three T4A2s 

completely separated in the presence of PV Ad (Figure 2-9B). Two 

other T4A2s, in which one A was fixed at the position next to the 3'-end 

(TT'I' AA T and TI ATAT), were also examined. However no resolution 

was seen between the two T4A2s under the condition employed. From 

Figure 2-10, the Ka's for the complexation between PVAd and all five 

T4A2s were calculated as shown in Table 2-1 (8, 12-15). The order of 

Ka's was TITTAA > TTI'ATA ::::: TI'ATI'A > TTIAAT ::::: TI'ATAT. 

Similarly to the case of PVAd-T5Al complexation, with the case of 

PVAd-T4A2 complexation, the shift of the mismatching bases toward 

the center of a T4A2 sequence decreased the Ka-values. 

50 

Chapter 2 

(A) 

1, 2, 3, 4 

CMP 

I I I 
11 19 

(B) 

1 

CMP 2 
3 4 

11 19 27 

Time (min) 

Figure 2-9. Separation of a mixture ofTITAAA and T4A2 hexamers 
in CGE (A) and CAGE with 3.0 % PV Ad (B). 
Nucleotides: 1, TITAAA; 2, TTATAT; 3, TTATTA; 4, TITI'AA. 
Electrophoretic conditions except PV Ad concentration are same as in 
Figure 2-1. 
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Figure 2-10. Migration times ofT4A2s, 'l'I'ITAA(Q ), TITATA (e), 

TIATIA (0 ) relative to CMP in CAGE. The migration times of 

TITAAT and TIATAT (6 ) are also shown though these two T4A2s 
could not be resolved. Electrophoretic conditions except PV Ad 
concentration are same as in Figure 2-1. 

Interaction between PVAd and deoxynucleotides with native 

twenty-base sequences 

The electrophoretic profile of a mixture of20-mer DNAs, anti-Ras 

61 and its mutants, (Scheme 2-1A) is shown in Figure 2-11. Also 

given in Figure 2-12 is electrophoretic separation among other 20-mers, 

Ras 12 and their mutants (Scheme 2-1B). For both cases of anti-Ras 

61 and Ras 12, the wild type and its mutants were migrated without 

any clear resolution in the absence of PVAd (Figure 2-11A and 12A). 

In contrast, the wild type and its mutants were completely separated 

into three bands by adding PVAd (Figure 2-11B and 12B). 
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(A) j anti- Ras-61 

5'-ACA GCT GGA CAA GAA GAG TA-3' sense sequence of Ras 61 

3'-TGT CGA CCT GTI CTI CTC AT-5 ' anti Ras-61 (wild type, Gin) 

-----GTG (mutant, His) 

----- TIT (mutant, Lys) 

(B) 1 Ras-12 1 

5'-GTI GGA GCA GGT GGT GTI GG-3 ' 

-----TGT - ----

----- - GTI -----

Ras 12 (wild type, Gly) 

(mutant, Cys) 

(mutant, Val) 

Scheme 2-1. Sequences of Ras 61, anti Ras 61, and Ras 12 with their mutants. 
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(A) No PVAd (B) 0.03 % PV Ad 

1, 2, 3 

2 

1 

3 

18 22 20 28 
Time (min) Time (min) 

Figure 2-11. Electrophoretic separation of a mixture of anti-Ras 61 and its 
mutants. 
DNA sequence: 
1; 5'-TACTCTTC-TTG-TCCAGCTGT-3' (wild type, Gin), 
2; 5'-TACTCITC-GTG-TCCAGCTGT-3' (mutant, His), and 
3; 5'-TACTCTTC-TTG-TCCAGCTGT-3' (mutant, Lys). 
Electrophoretic conditions except PV Ad concentration are same as 
in Figure. 2-1. 
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(A) No PVAd (B) 0.2 % PV Ad 

1, 2, 3 

2 

20 22 28 
Time (min) Time (min) 

Figure 2-12. Electrophoretic separation of a mixture of Ras 12 and its mutants. 
DNA sequence: 
1; 5' -GITGGAGCA-GGT -GGTGTTGG- 3' (wild type, Gly), 
2; 5'-GITGGAGCA-TGT-GGTGITGG- 3 ' (mutant, Cys), and 
3; 5'-GTTGGAGCA-GTT-GGTGTTGG- 3 ' (mutant, Val). 
Electrophoretic conditions except PV Ad concentration are same as 
in Figure 2-1. 
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DISCUSSION 

When homonucleotide hexamers of four different bases, G, T, A, 

and C were used, PV Ad was found to specifically interact only with T to 

a s ignificant extent. This result suggests that the major interaction in 

the complexation of a DNA with PVAd should occur between adenine 

moieties of PVAd and thymidylic acid units of DNA The other 

nucleotides in a DNA sequence act as mismatching bases to weaken 

the interaction in the complexation. 

In this study, the interaction between PVAd and those dT-dA 

hexamers examined showed a sequence specificity. The interaction 

seemed to obey two rules; (i) introduction of a mismatching base in 

place ofT in the sequence of a hexamer decreases the interaction of the 

hexamer with PVAd, and (ii) a shift of a mismatching in a continuous T 

sequence toward the center of the T sequence further decreases the 

interaction. 

A rather linear increase in the -LlG0 for the complexation with the 

longer T sequence (Figure 2-5) indicates that the contribution of the 

interaction between PVAd and T bases in the complexation is 

essentially additive. This is consistent with th e first rule. 

The dependence of the interaction between PVAd and a dT-dA 

hexamer to the sequence of the hexamer (the second rule) was similar 

to the dependence of the interaction between the two strands to their 

base sequences observed for intact DNA duplexes. For a DNA duplex, 

the introduction of mismatching base pairs into the sequence decreases 
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a thermodynamic stability of the duplex.4·" This destabilization has 

been studied by many researchers because of its close relevance to 

formation of a point mutation in DNA At present the destabilization 

is mainly explained by a decrease in the neares t-neighboring stacking 

interaction (NNI, Scheme 2) by formation of a mismatching base pair. 1• 

7.8 Aboul-ela et al. reported that an A· A mismatching surrounded by 

(dT)n · (dA)n sequence destabilized a double helix DNA by 

approximately 1.5 kcal mol·1 (6.7 kJ mol·l) in LlG.5 Werntges et al. 

proposed an additional long range effect of the mismatching, the next 

nearest neighboring interaction (NNNI). 6 This effect was, however, 

much smaller than that ofNNI, estimated to be about 3 % ofNNI. 

NNNI 

I,~ A-A- K 
• • _ _...,._ --A- A- A-

-B--~ 
B--

• . . 
-&-s-a-

NNNI 

A, B: complementary base pair I ] 
A- I r~ 

- A-K / A--• • _ _...,..~ --A- A ... . . 
- B-H--.. 

- ..........._ X_ -B-~x--

A, X: mismatching base pair 

NNI: nearest neighbor interaction 
NNNI: next nearest neighbor interaction 

Scheme 2-1. Nearest neighbor interaction (NNI) and next nearest neighbor 
interaction (NNNI) in duplex fonnation. 
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The stronger interaction of PVAd with 'l"'TT'TAT than that with 

TITATT may be explained by considering NNNI in the complexation of 

PVAd and a dT-dA hexamer. There is no difference in the number ofT 

units between the two sequences, TTTTAT and T'ITATI. The two 

sequences have even the same number of the nearest neighboring 

stacking interactions (NNI). However, the difference is expected at the 

level of NNNI between the two sequences. 'l"'TT'ATT has one T(T)T, 

two T(T)A and one T(A)T NNNis. On the other hand, 'ITI'TAT, there 

are two T(T)T, one T(T)A and one T(A)T NNNls. The nominal 

difference between the two hexamers in the free energy change for the 

complexation can be obtained by subtracting .1G0 ofT'ITI'AT from that 

ofTTIATI', 0.6 kJ mol· 1 at 293K. In this explanation, this difference 

(.1.10°) should correspond to the destabilization of the complex between 

PV Ad and a dT -dA hex a mer by replacing the stronger T(T)T NNNI by 

the weaker T(T)A NNNI. 

The two rules observed in this study for the dT-dA hexamers were 

applicable also to a complex of PVAd and DNA that has a 

heterogeneous sequence. In this study, deoxynucleotides those consist 

of 20 bases and code a part of Ras protein were used as model 

sequences of naturally occurring DNA Ras 61 contains the codon for 

the position 61 in the amino acid sequence of Ras protein. In the wild 

type of Ras, the codon is CAA (glutamine). The mutation of this codon 

to either CAC (histidine) or AAA (lysine) is frequently observed. Anti

Bas 61 is a single strand antisense DNA to Ras 61. With the 

mutation, the sequence of the antisense strand also changes from GTT 
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to either GTG or 'ITI'. This relationship is shown in Scheme 2-1. 

Table 2-2 Free energy change for PVAd-hexadeoxy
nucleotide complexation 

hexadeoxynucleotide -£\Go (kJ mol·') at 293 K 

'ITTITT 

TTTTTA 

TTTTAT 

'J."TT' A TT 

25.8 

24.4 

23.2 

22.6 
·····························~A:A····································· · ···························2i·.·6 .................................. . 

TTTATA 

TTATTA 

21.4 

21.3 

-£\Go was calculated from Ka listed in Table 2-1. 

A mutation also occurs at the codon that codes the amino acid 12 

(glycine) in the wild type of Ras. The sequences of Ras 12, which 

contains the 12th codon, is also described in Scheme 2-1. The 

mutation of Ras 12 changes the codon GGT to either TGT or GTT. 

When six-base sequences are chosen around the mutation point so 

that the sequences contain the maximum number ofT bases, the order 

of the migration time can be expressed as GTGCTT < GTTCTT < 

'l"'TT'CTT for anti-Ras 61. This obeys the first rule that a sequence 

having less mismatching bases, G and C in this case, shows stronger 

interaction with PVAd. In the present case for anti-Ras 61, another 

choice of the six base sequence is possible. The alternative gives 

GTGCTI' < GTTCTT < TTTCTT, which also agrees with the fust rule. 
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In the case of Ras 12, a similar consideration yields GGTGGT < 

TGTGGT < GTIGGT. The weaker interaction of GGTGGT than the 

two other sequences also follows the first rule. The stronger 

interaction of PV Ad with GTIGGT than that with TGTGGT obeys the 

second rule. The base composition of anti-Ras 61, (dA)2(dT)g(dG)3(dC)s, 

is totally different from that of Ras 12, (dA)z(dT)s(dG)u(dC)t. In 

addition, in these two sequences, guanylic acid units acted as the 

mismatching bases instead of adenylic acid units. The result so 

obtained suggests that the rules would be common to various 

complexes of PVAd and DNA oligomers regardless of their base 

composition or the kind of mismatching bases. 

Except native nucleic acids, the destabilization of a complex with 

DNA accompanied by a mismatching base pair has been known only for 

a peptide type nucleic acid analog. The present CAGE study revealed 

that a similar effect of mismatching bases can also appear in 

complexation between nucleic acids and much simpler synthetic 

polymers. It should be noted that, even with PVAd, the effect of 

mismtching bases is not observed in any system other than CAGE. It 

is suprising that, with CAGE, such a simple synthetic polymer that has 

a plain poly(vinyl) backbone and homogeneous unit composition can 

distinguish a small difference in the base sequence of oligonucleotide. 

The present study demonstrates the validity of CAGE as a method 

for the separation of oligonucleotides. The CAGE system examined 

here was sensitive enough to distinguish 20-mer oligonucleotides 

different only by one base pair. Point mutations of a single base pair 
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in gene are often associated with both inherited and acquired diseases. 

For example, the ras oncogene mutations used in this study are found 

in a number of preneoplastic murine and human tumor models 

including those of skin, colon, and hematopoietic systems and are 

thought to be closely related with the early events in a tumor 

formation.to Therefore, a method for rapid and precise detection of 

such mutations has an extreme importance in both diagnosis and basic 

study of those diseases. Numerous methods are currently available 

for this ·purpose including DNA sequencing, probe hybridization, It 

single strand conformation polymorphisms, 12 and so forth. The 

present CAGE system has several advantages compared with those 

methods such as rapid measurement (~30 min), real time detection, 

and a small sample requirement (typically 10 ng). 
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Part II Introduction 

INTRODUCTION 

As already described in the General Introduction, Regelson's work 

presented a polyanionic polymer as a promising candidate of a novel 

biologically active polymer. 1 2 Since then. biological activities of 

various synthetic poly anionic polymers have been extensively examined. 

For example, aurintricarboxylic acid (Figure 1) showed inhibition of 

DNA and RNA polymerase reaction, anti-HIV activity and so forth.3 A 

polyaromatic anionic compound, RG-13577, had antiproliferative 

activity to vascular smooth muscle cells. 4 

/'COOH 

Aurintrlcarboxylic acid (ATA) RG-13577 

Figure 1. Proposed chemical structures of ATA and RG-13577. 

Among the synthetic polyanionic polymers studied, maleic acid 

copolymers have unique characteristics; they have highly anionic 

alternate structures of a maleic acid unit and a comonomer unit . 
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Ottenbrite and his coworkers systematically investigated biological 

activity of maleic acid copolymers with respect to the chemical 

structure of s ide chain moieties, chain rigidity, hydrophobicity. and 

charge density s From these studies, it was found that poly(maleic 

acid-alt-7, 12-dioxaspiro[5.6]dodec-9-ene) (MA-CDA, Figure 2) has a 

variety of biological activities.s The activities include: activation of 

macrophages 6, induction of superoxide production by differentiated HL-

60 cells, 7 and ex vivo induction of interleukin-6 and tumor necrosis 

factor-a in peripheral whole blood cells.s.9 

Figure 2. Chemical structure of poly(maleic acid-alt-7,12-dioxaspiro[5.6] 
dodec-9-ene) (MA-CDA). 

A number of molecular events such as activation of 

phosphoinositide turnover, increase in intracellular Ca2+ concentration, 

and protein kinase C translocation from cytosol to membrane are 

observed in macrophage activation.lO Recent studies on the cellular 

signal transduction system suggest that these events are also 

commonly associated with the signal transduction processes which 

occut in cell proliferation and differentiation. 11 In addition several 

macrophage activators are known to promote the growth of other cells. 
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For example, phorbol ester, a tumor promoter, exhibits both 

macrophage activation and growth stimulation through protein kinase 

C activation These facts led the author to a hypothesis that, other 

than macrophage activation activity, a synthetic polyanionic polymer 

MA-CDA could also have a growth promotion activity to cells. 

In Chapter 3, the effect ofMA-CDA and other structurally related 

polymers on the growth of cultured mammalian cell lines is examined. 

The action of a water soluble polyaniomc polymer such as MA

GDA to cells begins from the interaction of the polymer with cell 

plasma membrane. The polyionic water soluble polymer is thought 

not to directly pass through lipid membrane into the interior of cells 

because the energetic barrier in the process must be quite large.l2 

Therefore, the major modes of the interaction of the polymer with cells 

is binding of the polymer to cell plasma membrane andlor endocytic 

uptake of the polymer into cells.l3 

Naturally occurring growth factors are believed to have 

corresponding receptors on cell plasma membrane, and the binding of a 

growth factor induces the growth signal.l1 In the case ofMA-CDA, it is 

not clear whether solely the binding of MA-CDA onto cell plasma 

membrane is sufficient for its growth promotion activity. Sunamoto 

and his coworkers reported that, in the macrophage activation by MA

CDA, encapsulation of the polymer into polysaccharide-coated liposome 

significantly enhanced the activity ofMA-CDA. 15 The polysaccharide

coated liposome was subjected to higher uptake by macrophages 

compared to non-coated liposomes. These results suggest that the 
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enhanced activity ofMA-CDA may be due to the enhanced uptake of the 

polymer, and that internalization of the polymer by macrophage should 

be essential to the macrophage activation. 

Cultured fibroblasts can also uptake substances by endocytosis. ts 

Therefore MA-CDA may be internalized into L929 and STO cells 

during the incubation in the growth experiments If this is the case, a 

poss1bility of the growth promotion of these fibroblasts by internalized 

MA-CDA may have to be considered. 

In Chapter 4, the interaction of MA-CDA and other structurally 

related polyanionic polymers with cell plasma membrane is estimated 

using liposomal model membrane. As the first step of the elucidation 

of the action of MA-CDA to fibroblasts, internalization of MA-CDA by 

cultured fibroblasts is evaluated. The results are discussed in 

relation with the growth promotion activity of MA-CDA observed in 

Chapter 3. 
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Enhanced growth of cultured fibroblasts by 

synthetic polyanionic polymers 

Chapter 3 

As already explained, poly(maleic acid-alt-7, 12-dioxaspiro

[5.6]dodec-9-ene) (MA-CDA) possesses a possibility to show growth 

promoting activity to cells other than macrophages. In the present 

study, the effect of MA-CDA and other structurally related polymers on 

mammalian cell growth was investigated. In the case of natural 

growth factors such as epidermal growth factor (EGF) contained in a 

serum, the action of a growth factor is known to be drastically 

influenced by the co-existing of other growth factors.1 A famous 

example is transforming growth factor-f3 (TGF-f3),2 which stimulates 

growth of certain fibroblasts in vitro in the presence of platelet-derived 

growth factor (PDGF) but inhibits their growth if EGF is present. 2 

Therefore, the effect ofMA-CDA on cell growth was examined both with 

and without natural growth factors. In addition, it is also known that 

the action of growth promotive substances depend on cell type. 1 In the 

present study, the effect of MA-CDA was tested with several different 

mammalian cell types; L929 and STO mouse fibroblasts, B16 mouse 

melanoma, HeLa human carcinoma, and RPMI 4788 human colon 

cancer cells. 
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MATERIALS AND METHODS 

Materials 

All the polyaniomc polymers except poly(maleic acid-alt-2-

buten-1,4-diol) (MA-BD) were synthesized and purified by the 

laboratory of Professor R. M Ottenbrite at Virginia Commonwealth 

University.3 Poly(maleic acid-alt-7,12-dioxaspiro[5. 6]dodec-9-ene) 

(MA-CDA) with weight-average molecular weights of 1,500, 6,000, 

10,000, and 22,000 were abbreviated to MA-CDA-1.5k, -6k, -lOk, and-

22k, respectively. The ratio of weight-average molecular weight to 

number-average molecular weight was less than 1.5 for all the MA

CDAs. Poly(male1c acid-alt-styrene) (MA-ST), poly(maleic acid-alt-4-

methyl-4-penten-2-one) (MA-MP), and poly(maleic acid-alt-allylurea) 

(MA-AU) have average molecular weights of20,000, 10,000, and 20,000, 

respectively. MA-BD was obtained by acid hydrolysis ofMA-CDA-30k. 

All the structures of the polymers are shown in Figure 3-1. 

Eagle's minimal essential medium (EMEM), Dulbecco's 

modified Eagle medium (DMEM), RPMl 1640 medium and sterilized 

glutamine were purchased from Nissui Pharmaceutical Co., LTD. 

(Tokyo). A culture flask (Cat. No. 25100-25), a 24-well microtlter 

plate (Cat. No. 25820-24), and a 96-well microtiter plate (Cat. No. 

25860-96) were obtained from Corning Costar (Corning, NY) A fetal 

bovine serum (FBS) was obtained from Whittaker Bioproducts 

(Walkersville, MA) and heat-inactivated at 56 oc for 30 min before use. 

Heparin sodium salt (from porcine intestinal mucosa, grade 1-A) and 
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transferrin (holo type) were purchased from Sigma (St. Louis, MO). 

Trypsin was obtained from DIFCO Laboratories (Detroit, Ml). Insulin 

from bovine pancreas and other reagents were of the special grade and 

purchased from Wako Pure Chemicals Industries, LTD. (Osaka). MTT, 

3-(4,5-dimethyl-2-thiazolyl)-2,5-diphenyl-2H tetrazolium bromide was 

obtained from Dojindo (Kumamoto). 

fH - yH-ct-i2- fH 

COOH COOH CHzNH-~-NH2 
0 n 

MA-AU 

yH-yH-( "\_ 
COOH COOH rj 

n 

MA-CDA 

MA-ST 

H- CH-- CH- CH 
1 I I 

COOH COOH y~ y~ 

OH OH n 

MA-BD 

?11:3 
yH - yH-CH2- y--;-
COOH COOH ?~ 

y=O 
CH3 

n 

MA-MP 

Figure 3-1. Structures of polyanionlc polymers used in this experiment. 
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Growth assay 

Before the experiments, the limulus activity of MA-CDA and 

heparin was checked by Endospecy® test (Seikagakukogyo, Tokyo). 

The level of endotoxin found in 100 ~g/ml solutions of the respective 

polymers was less than 0.022 ng/ml for MA-CDA and 0.013 ng/ml for 

heparin. These values were far below the level at which endotoxin is 

known to show its biological activities such as macrophage activation1 

and mitogenesis induction.5 

Cells were maintained in a basal medium supplemented with 

10% FBS and 0.03% glutamine in culture flasks at 37 oc in a 5% C02 

mcubator. As a basal medium, EMEM were used for HeLa and L929 

cells, DMEM for STO cells, RPMI 1640 for RPMI 4788 and B16 

melanoma cells. The cells in their growth phase were lightly 

trypsinized and resuspended in a basal medium containing 10 vol % of 

FBS to be 105 cells/ml The cell suspension was seeded at a density of 

2.5 x 104 cells/cm2 on a 24-well microtiter plates. After 8 hour 

incubation at 37 °C, the cell monolayer was washed twice by a 

phosphate buffered saline (PBS). The medium was changed to a 

serum-free basal medium, and cells were further incubated for 16 hours 

at 37 °C. Then, the cells were incubated with a serum-free MEM 

containing a given amount ofMA-CDA or heparin. A serum-free MEM 

alone was used for the control experiment. After the incubation, the 

cell proliferation was evaluated by counting living cells not stained by 

erythrosin B. The results are expressed as the relative ratio of the 

number of living cells to that in the control experiment. All the runs 
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were quadruplicated. 

Growth promotion activity of a conditioned medium 

A cell suspension obtained according to the method described 

above was seeded into 24-well microtitier plates at a density of 6.5 

x 104 cells/cm2. After 8 hour incubation at 37 °C, the cell monolayer was 

washed twice by a phosphate buffered saline (PBS) The medium was 

changed to a serum-free basal medium, and cells were further 

incubated for 16 hours at 37 °C. Then, the cells were incubated in a 

serum-free MEM or MEM containing 20 ~g/ml ofMA-CDA for 6 hours. 

A serum-free MEM without MA-CDA was used for the control 

experiment. After the incubation the medium was removed, and the 

cell monolayer was washed once with PBS. The cells were incubated 

in a fresh MEM. At 6, 12, and 24 hour intervals, the supernatant (the 

conditioned medium) was collected. The conditioned medium thus 

obtained was passed through a 0.2 ~m pore filter to remove debris. 

The growth promotion activity of the conditioned medium was 

determined by means of the conventional colorimetric assay using MTT 

tetrasolium. The cell suspension was seeded at a density of 2.5 x 104 

cells/cm2 on a 96-well microtiter plates. Mter 8 hour incubation at 37 

°C, the medium was changed to a serum-free basal medium, and cells 

were further incubated for 16 hours at 37 °C. Then the cells were 

incubated with the conditioned medium for 48 hours. After the 

incubation, a stock solution of MTT (5 mg/ml in PBS) was added to all 

the wells (10 ~l per 100 ~l medium), and the plates were incubated at 
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37 oc for 3 hours . The blue crystals produced were dissolved by 

adding 100 f.ll of isopropanol, and the absorbance of the supernatant at 

570 nm was measuring by a Model 450 microplate reader (Bio-Rad 

Laboratories, Richmond, CA). 

RESULTS 

Effects of MA-CDA on the growth of cultured mammalian cells 

Addition of MA-CDA alone to a serum- and protein-free basal 

medium caused growth enhancement of cultured cells, and the activity 

was specific with respect to the cell type (Figure 3-2). Among the cell 

lines examined, only L929 and STO mouse fibroblasts were responsive 

to the polymer, resulting in the proliferation of both fibroblasts. The 

proliferation of L929 and STO fibroblasts was dependent of the 

concentration of MA-CDA (Figure 3-3). For L929 cells, the highest 

growth promotion was obtained at 20 f.lg/ml of MA-CDA, resulting 1.9-

fold higher growth of the cells than culture without MA-CDA. Above 

the concentration, the number of L929 cells decreased. In the case of 

STO cells, however, the cell number increased monotonously with 

increasing of the concentration of MA-CDA up to 100 f.lg/ml At that 

concentration. the cell number was 3.7-fold higher than that without 

MA-CDA. 

Figure 3-4 shows the effect of MA-CDAs with different 

molecular weights ranging from 1500 to 20000 on the growth of L929 

cells. From this Figure, although all MA-CDAs promoted the growth 
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RPMI4788 

B16 melanoma 

He La 

L929 

STO 

0.0 1.0 2.0 3.0 4.0 

Relative increase in cell number 

Figure 3-2. EfTects of MA-CDA on the growth of various cell lines in 
a serum-free medium. Cell lines employed in this experiment were 
RPMI 4788 human colon cancer cell, B16 mouse melanoma, HeLa 
human carcinoma, L929 mouse fibroblasts, and STO mouse 
fibroblast. All the cell lines were incubated with 1 ~ml ( 0 ), 10 ~ 
ml (0 ) and 100 J.Lg/ml ( •) of MA-CDA for three days. The results 
are expressed as the relative ratio of the cell number with MA-CDA 
to that without MA-CDA. 
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Figure 3-3. Effects of MA-CDA em the growth of L929 fibroblasts (open 
squire) and SfO fibroblasts (closed squire) in a serum-free medium. Both cell 
lines were incubated with the indicated concentration of MA-CDA for 2 days. 
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Figure 3-4. Effect of the molecular weight of MA-CDA on Its growth promotion 
activity for L929 ftbroblasts. Molecular weights of MA-CDA are 1,500 ( 0 ), 
5,000 (. ), and 22,000 (0 ). L929 cells were Incubated with the Indicated 
concentration of the polymer for two days. 

78 

Chapter 3 

ofL929 cells, the concentration which effected the maximum promotion 

was different among MA-CDAs. MA-CDA with molecular weight of 

1500 needed 5 t imes higher concentration than that with 22000 to 

sh ow a similar extent of the growth promotion activity . 

F igure 3-5 shows the changes in the number of L929 cells as a 

function of time. In a serum- and protein-free medium without MA

CDA, L929 cells were found to hardly proliferate. After 4 days 

incubation, the cells completely stopped th eir proliferation . 
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~ 
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u 

-1 0 1 2 3 4 5 6 7 
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Figure 3-5. Growth protlle of L929 fibroblasts with or without MA
CDA in a serum-free medium. L929 cells were cultured with 10 J.Lg/ml 
of MA-CDA for 7 days (closed circle), with 10 JLW'ml of MA-CDA for 
early 2 days and then with a basal medium (open circle with dashed 
line), and with a basal medium (open squire). 

By addition of MA-CDA in the serum- and protein-free 

medium, L929 cells began to show active proliferation approximately 
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after 24 hours. This kind of induction for growth enhancement was not 

observed when a fetal bovine serum was used in place of MA-CDA 

(data not shown). The enhanced growth of 1929 cells continued for at 

least 7 days. On the other hand, removal of the polymer from the 

medium reduced the proliferation of1929 cells to a level similar to that 

in a serum- and protein-free medium without the polymer. At 20 

~g/ml of MA-CDA, exposure of 1929 to MA-CDA for 3 h was sufficient 

to observe the full extent of the growth promotion activity (Table 3-1). 

Table 3-1 Exposure period of L929 cells to MA-CDA and the 

growth promotion 
Exposure period (h) 

1 

3 

6 

Relative increase in cell number 

to the control(%) 

132 ± 13 

158 ± 3.0 

162 ± 1.0 

1929 cells were incubated in a medium containing 20 ~g/ml of MA

CDA for a prescribed period, washed twice with a phosphate buffer and 

cultivated further for 48 hours in a serum- and protein-free medium. 

In the control experiment, MA-CDA was omitted from the medium. 

Growth promotion activity in a conditioned medium 

A possible action of MA-CDA is to induce the production of a 

growth promoting factor by cell itself To test this possibility, 1929 

cells were exposed to a conditioned medium which was collected from 

another culture of 1929 cells preinteracted with MA-CDA. The cell 

growth in 1929 cultures incubated with the conditioned medium was 
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identical with that in a comparable experiment without using MA-CDA. 

Relative cell numbers grown in the experiments with MA-CDA against 

that without MA-CDA were 105 ± 4%, 99 ± 4 %, and 103 ± 5% for the 

conditioned media sampled at 6, 12, and 24 hours of the preinteraction, 

respectively. 

Effect of naturally occurring growth factors on the growth 

promotion activity of MA-CDA 

The actions of naturally occurring growth factors are known to 

be influenced by coexisting other growth factors. 1 The effect of 

naturally occurring growth factors in a serum and/or insulin/transferrin, 

on the growth promotion activity ofMA-CDA are summarized in Figure 

3-6. Addition of these factors to the basal medium promoted the 

growth of 1929 cells two-fold, however, the coaddition of MA-CDA to 

the medium with these growth factors did not further enhance the 

growth. 
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Basal MEM 

plusMA-CDA 

plusTf andlns 

plusTf, Ins and MA·CDA 

plus!% FBS 

plus FBS and MA.CDA 

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

Relative increase in cell number 

Figure 3-6. Effect of growth factors on growth promotion activity ofMA· 
CDA. Cells were incubated for 2 days with various additives; 20 ~I of MA· 
CDA, 5 ~glml of transferrin (Tf), 5 ~ml of insulin (Ins), or 1 % (v/v) of fetal 
bovine serum (FBS). Asterisk(*) indicates statistically significant dfference 
with p<0.005 as estimated by the Student t-test 

Growth promotion activity of polyanionic polymers 

structurally related to MA-CDA 

Figure 3-7 shows the effect of various male1c acid copolymers 

including MA-CDA on the growth of L929 cells. Compared with MA

CDA, MA-ST showed weaken but significant growth promotion activity. 

MA-ST also promoted the growth of STO fibroblasts in a serum-free 

medium but did not promote the growth of HeLa cells (data not shown). 

On the other hand, only marginal effect of MA-BD, MA-AU, or MA-MP 

on the growth of L929 cells was observed. 

For comparsison, growth promotion effect of a naturally 

occurring polyanionic polymer heparin was also examined. The result 
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in Figure 3-8 indicates that heparin has no growth promotion under the 

similar condition. 

MA-BD 

MA-AU 

MA-ST 

MA-MP 

MA-CDA 

0.8 1.0 1.2 1.4 1.6 1.8 2.0 

Relative increase in cell number 

Figure 3-7. Effects of various maleic acid copolymers on the 
growth of L929 tlbroblasts in a serum-free medium. L929 cells 
were Incubated with 1 JJ.Wml ( 0 ), 10 JJ.Wml (0 ), and 100 JJ.Wml 

(•) of an indicated polymer for two days. The results are 
expressed as the relative ratio of the cell number in an 
experiment with a polymer to that without a polymer. 

83 



Chapter 3 

1.8 .,---------------, 

1.6 

--~ 
u 1.4 
c -~ 
Ill 
ell 
~ 

~ 1.2 
.e 
~ 

.t ..... 

.s 1.0 
~ 

Lf 

0.8 -1------r-----.-----.,J 

0.1 1 10 100 

Polymer concentration (Jlg/ml) 

Figure 3-8. Effect of MA·CDA or heparin on the growth of L929 
mouse fibroblasts as a function of polymer concentration. Cells were 
Incubated for 2 days In a serum-free basal medium in the presence of 
MA-CDA (closed circle) or heparin (open circle), 

Effects of poly anionic polymers on the morphology of cultured 

mammalian cells 

Other than the growth promotion, addition of MA-CDA also 

induced the morphological changes of both L929 and STO fibroblasts at 

concentration of MA-CDA above 50 f-.lg/ml. In Figure 3-9, microscopic 

images of L929 and STO fibroblasts at various polymer concentrations 

are shown. Both fibroblasts did not alter their morphologies at 10 

f-.lg/ml of MA-CDA (Figure 3-9B and E), which was MA-CDA 

concentration sufficient for the growth enhancement, from that without 
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the polymer (Figure 3-9A and D). At 100 f-.lg/ml of MA-CDA, however, 

the polymer caused morphological changes in both L929 (Figure 3-9C) 

and STO (Figure 3-9F). L929 cells became swollen and partly 

detached from the culture plate in the presence ofMA-CDA higher than 

50 f-.lg/ml (Figure 3-9C). After a while, the detached cells died, 

resulting in decrease of the cell number. On the other hand, STO cells 

formed spheroids under the same conditions (Figure 3-9F). This 

spheroid formation by STO cells was not observed when the cells were 

cultured in a same medium containing a serum regardless of the 

presence of MA-CDA (100 f-.lg/ml). Cell detachment and spheroid 

formation are phenomena associated with a decrease of the interaction 

between a cell and an attaching substrate. It seems that at 100 f-.lg/ml 

MA-CDA weakens the adhesion of the growth responsive cells to the 

substrate. However, the spheroid formation by STO cells under the 

conditions used indicates that MA-CDA may not affect cell-cell 

adhesion. A similar effect on cell morphology of L929 and STO was 

also observed for MA-ST. The morphological change only occurred on 

those cells that showed the growth promotion by MA-CDA or MA-ST. 

Furthermore, those polymers that failed to promote cell growth did not 

cause the morphological change at the concentration up to 500 f-.lg/ml. 
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Figure 3-9. Microscopic images of L929 fibroblasts (A)-(C) and STO 
fibroblasts (D)-(F) after 2 days incubation with or without MA-CDA. 
(A) and (0 ), control experiments without MA-C DA; (8 ) and (E), 10 ~glml of 
MA-CDA; (C) and (F), 100 ~glml of MA-C DA. (Bar= 100 ~m). 

86 

Chapter 3 

DISCUSSION 

Cell proliferation proceeds along a certain cycle ("cell cycle"), 

consisting of four different phases; mitosis (M), gap 1 (G 1), DNA 

synthesis (S), and gap 2 (G2) (Figure 3-10) 1; fn order to move advance 

in a cell cycle, cells need to receive certain signals induced by 

stimulation from cellular surroundings at G 1 phase. Without the 

signal, cells stop their proliferation and stay in G1 phase. Polypeptide 

growth factors such as platelet-derived growth factor (PDGF),7 

epidermal growth factor (~:GF)8 and insulin9 are known as a potent 

inducer of the growth signal. These growth factors work on cells 

arrested at G 1 phase and promote the growth of the cells. 

Figure 3-10. Schematic representation of a cell cycle. 
M, mitosis; Gl, gap 1; S, DNA sysnthesis; and G2, gap 2. 

On the other hand, external factors can promote apparent 

growth of cultured cells by improving the survival of cells in cultivation. 

87 



Chapter 3 

For example carboxymethylcellulose shields L cells from possible 

damages during subculturing.1o Naturally this type of growth 

promotion requires a coexisting growth signal inducer, and the effect is 

additive to that of the growth signal inducer. 

In the present study, MA-CDA promoted proliferation ofL929 

cells growth-arrested in a serum-free medium without requiring any 

other external growth factors. Furthermore, the growth promotion 

effect was not additive to that of coexisting growth factors such as a 

serum and insulin. Therefore, the growth promotion effect of MA-CDA 

resembles that of a growth signal inducer. 

There have been a few reports on growth promotion activities 

of synthetic polymers. 11•15 Katsuta and his coworkers observed a cell 

growth effect with poly(vinylpyrrolidone) for L929 cells in a serum-free 

medium.ll-13 However, this activity was more significant when a 

serum was present, which is not the case for MA-CDA. In addition, 

the concentration of poly(vinylpyrrolidone) had to be 100-times greater 

than that of MA-CDA in order to obtain a significant effect on cell 

proliferation. Taking into account subsequent reports, 10 16, 11 

poly(vinylpyrrolidone) seems to behave as an agent that protects the 

cytoplasm membrane during subculturing processes. Poly(ethylene 

oxide), 15 poly(vinyl-alcohol), 15 and pluronic polyolsl4 promoted the 

growth of cultured cells. However these polymers required coexisting 

external growth factors in order to show their activities, which is also 

clearly different from the case ofMA-CDA. 

Heparin is a naturally occurring polyanionic polymer and 
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known to stimulate the growth of various types of cells.18 19 Heparin is 

assumed to potentiate fibroblast growth factors. therefore. the presence 

of an external growth factor is essential. 20 Recently several synthetic 

polyanionic polymers such as poly(acrylic acid)21 have also been 

reported for their heparin-like growth promoting activity. In the 

present s tudy, heparin showed no effect on the growth of L929 cells 

under a comparable condition in which MA-CDA s hows the growth 

promotion. This observation suggests that the mechanism of the cell 

proliferation by MA-CDA is different from that by heparin. 

Considering these differences, the direct growth promotion activity of 

MA-CDA found in this s tudy 1s a unique and novel mode of biologica l 

activity a synthetic polymer can show. 

Certain types of cells produce growth factors and respond to 

their own growth factors , which is termed autocrine secretion.22 In 

addition a certain lectin such as concanavalin A is known to induce the 

secretion of growth factors from lymphocytes.23 However a possibility 

that MA-CDA could promote cell proliferation by inducing the secret10n 

of growth factors from cells was denied by the experiment showing no 

detectable activity of a conditioned medium collected from L929 cell 

culture preinteracted with MA-CDA. The action of MA-CDA is direct 

to L929 and STO fibroblasts. 

The action ofMA-CDA are also multifarious depending on cell 

type; triggering cytotoxic activity of macrophages, 3 induction of tumor 

necrosis factor (TNF) and interleukin-6 (IL-6) from blood cells, 21 and the 

growth promotion of fibroblasts observed in this study. All these cell 
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activities are known to involve signal transduction processes. 25 

Although the mechanistic aspects of the biological activities of MA

CDA is yet to be elucidated, the present findings suggest that the 

action of the polymer involves the signal transduction pathway. The 

lack of growth promotion by MA-CDA in the presence of serum and/or 

insulin suggests that the growth promotion mechanism of MA-CDA 

should cause an interference to the promotion mechanism of those 

naturally occurring growth factors. 

The present study also showed that the growth promotion 

effect of MA-CDA is transient. The removal of MA-CDA from the 

medium stops the growth promotion, thus MA-CDA does not cause 

permanent transformation of cells, which might accompany change of 

the proliferation behavior of cells. 

The apparent correlation between the growth promotion effect 

and the change of cell morphology suggests that the interaction between 

cells and a polymer is only significant for certain pairs of a cell type and 

a polymer. For the frrst step for a polyanionic polymer to show its 

activity, interaction with the outer surface of plasma membrane must 

be important. This process probably depends on the physicochemical 

characteristics of the polymer such as hydrophilic-hydrophobic balance. 

Therefore the different growth promotion activity and effect on cell 

morphology observed among the polyanionic polymers examined may be 

explained by different binding of the polymers to lipid membrane. A 

study of the interaction of the polymers with model lipid membrane 

and actual cell plasma membrane is described in Chapter 4. 
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Chapter 4 

Binding and endocytosis as the primary interaction between 

polyanionic polymers and fibroblasts 

In the preVIous chapter, two kinds of synthetic polyanionic 

polymers, poly(maleic acid-alt-7, 12-dioxaspiro[5.6]dodec-9-ene) (MA

CDA) and poly(maleic acid-alt-styrene) (MA-ST), were found to 

promote the growth of cultured fibroblasts. Like naturally occurring 

growth factors, those polymers act directly on cells, and further, 

possibly on the signal transduction processes of cells. 

In this chapter 4, this auther investigated the primary interaction 

between polyanionic polymers and cells , which occurs at the very early 

stage of the growth promotion. The most plausible primary 

phenomenon is binding and/or endocytosis between the polymers and 

the cells. 

The growth promotion of fibroblasts was affected by both the 

chemical structure and the molecular weight of polyanionic polymers. 

The interaction of these polymers with lipid membrane also was 

evaluated by perturbation of liposomal membrane with the polymers. 

This gave an index of the association of the polymers to the lipid 

membrane. Furthermore, in order to investigate the actual uptake of 

MA-CDA by cells, MA-CDA was labeled with a fluorescent probe. 

95 



Chapter 4 

Intracellular distribution of the fluorescence labeled MA-CDA was 

photometrically and microscopically studied These results are 

discussed with particular attention to the cell growth promotion 

activity of MA-CDA. 

MATERIALS AND METHODS 

Materials 

!Egg yolk lecithin (Egg PC) was obtained from Nippon Oil & Fats 

Co. (Tokyo). Cholesterol was of the special grade from Wako Pure 

Chemicals. Concentration of liposomal phosphatidylcholines was 

determined using a Phospholipid C-Test Wako kit of Wako Pure 

Chemicals (Osaka). 5(6)-Carboxyfluorescein (CF) was purchased from 

Eastman Kodak Company (Rochester, NY). All polyanionic polymers 

are the same those previously described in Chapter 3. 5-

(Aminoacetamido)fl.uorescein was obtained from Molecular Probes, Inc. 

(Eugene, OR). 1-Ethyl-3-(3-dimethylaminopropyl) carbodiimide hydro

chloride was purchased from Dojindo (Kumamoto). 

Eagle's minimal essential medium (MEM, powder) and glutamine 

were commercially available from Nissui Pharmaceutical Co., LTD. 

(Tokyo). Fetal bovine serum (FBS) was from Whittaker Bioproducts 

(Walkersville, MA) and heat-inactivated at 56 oc for 30 min before use. 

A culture flask (Cat. No. MS-21250) was purchased from Sumitomo 

Bakelite Co., LTD. (Tokyo). A 24-well microtiter plate (Cat. No. 

25820-24), and a 96-well microtiter plate (Cat. No. 25860-96) were 

96 

Chapter 4 

obtained from Corning Costar (Corning, NY). (4-lodophenyl)-3-(4-

nitropheny 1)-5-(2, 4-disulfop heny 1)-2H-tetrazolium monosodium salt 

(WST-1) and 1-methoxy-5-methylphenazinium methylsulfate (1-

methoxy PMS) were from Dojindo. Fluorescein isothiocyanate (FITC)

dextran that has average molecular weight of 19,600 was obtained from 

Sigma (St. Louis, MO). Other chemicals were purchased from Wako 

Pure Chemicals and used without further purification. 

Release of CF from liposome induced by poly anionic polymers 

CF-loading liposomes were prepared by the reversed evaporation 

method. I Egg PC (26.2 mg, approx. 3.4 x 10-5 mol) and cholesterol (3.3 

mg, 8.3 x 10-s mol) were dissolved in 1.0 ml of a mixed solvent 

(diethylether/dichloromethane = 6/4 by volume). To the lipid solution 

was added 0.4 ml of a concentrated CF solution (100 mM in PBS). 

The resultant mixture was sonicated by using a UD-201 cup-type 

ultrasonic disrupter (Tomy Seiko, Tokyo) for 30 sec. The lipid 

suspension thus obtained was transferred into a 10 ml round-bottom 

flask, and the organic solvent was removed by evaporating under 

reduced pressure (at 350 mmHg) for approximately 20 min at room 

temperature to form a gel. After the evaporation, 1.6 ml of PBS was 

added to the flask, and the contents were voltexed for 1 min to obtain a 

homogeneous liposomal suspension. 

The liposomal suspension thus obtained was extruded (The 

Extruder. Lipid Biomembrane Inc. Vancouver, Canada) through a 

polycarbonate membrane (200 nm pore, Costar. Cambridge, MA) three 
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times. To remove an unencapsulated CF, the suspension (2 ml) was 

applied to a Sepharose 4B column (<1>1.5 x 42 em) as equilibrated with 

PBS. An eluted solution was fractionated by 120 drops each, and the 

absorbance of each fraction was measured at 496 nm by a U-3400 

spectrophotometer (Hitachi, Tokyo). The fractions 6 and 7 contained 

the CF encapsulating liposome and used for further studies. 

Phospholipid concentration of the liposomal suspension was 

adjusted to 2.0 x 10·5 M with PBS. To 0.5 ml of the suspension was 

added 0. 5 ml of the PBS solution containing a polyanionic polymer, and 

the mixture was incubated for 15 hat 37 °C. After the incubation, the 

fluorescence intensity was measured at 516 nm on a 650-10S 

fluorospectrophotometer (Hitach~ Tokyo) with band pass of 5 nm. 

Then 20 J.tl of a 10% aqueous solution ofTriton X-100 was added to the 

suspension to destract liposomes and release CF completely. The 

fluorescence intensity of the solution gives the total concentration of CF 

in the initial liposomes. The amount of CF released was estimated 

according to the following equation: 

It - Io 
%release= ---- x 100 

!Triton - Io 

where Io is the fluorescence intensity of a liposome suspension just after 

addition of the polymer, It is that after incubation at timet, and Irriton is 

that after addition of the Triton X-100 solution. 

Synthesis of MA-CDA l abel ed with fl uorescein (fluor escei n 

MA-CDA) 
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MA-CDA-16k, which has weight averaged molecular weight of 

16,000, was covalently conjugated with fluorescein by amide bonds 

using the carbodiimide method.2 MA-CDA-16k (32.8 mg) was 

dissolved m 15 ml of Milli-Q water and mixed with 5-

(aminoacetamido)fluorescein (2.0 mg) dissolved in 0.5 ml of 0.1 N 

aqueous NaOH. After pH of the solution was adjusted to 50 with a 

1.0 N aqueous HCl, 1-ethyl-3-(3-dimethylammopropyl)carbodiimide 

hydrochloride (80.6 mg) was added to the solution, and the reaction 

mixture was stirred at room temperature for 1 h. Then the pH of the 

resultant solution was set to 9.8 with a 0.5 wt% aqueous NaHC03, and 

the solution was stirred at 40 oc for 2 h. The resulting solution was 

dialyzed 4 times against 3 liter of Milli-Q water for 2 days and 

lyophilized to obtain a yellow powder. Absence of unreacted 5-

(aminoacetamido)fluorescein in the solid was confirmed using size 

exclusion chromatography The amount of the fluorescein residues 

conjugated to MA-CDA was determined from the absorbance at 489 nm, 

which was estimated by an aqueous polymer solution using the molar 

absorption coefficient of fluorescein (6.5 x 104 mol·l·t.cm·1).3 

L929 Cell cu lture 

L929 mouse fibroblasts were maintained as monolayers on a 

culture flask in a MEM supplemented with 10 % FBS and 0.03 % 

glutamine at 37 oc in a 5 % C02 incubator. L929 cells were 

subcultivated by trypsinization before becoming confluent. 
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Growth promoting activity of fluorescein labeled MA-CDA 

L929 cells in their growth phase were lightly trypsinized and 

resuspended to be 105 cells/ml. The cell was seeded at a density of 2.5 

x 101 cells/cm2 on a 96-well microtiter plate. After mcubation for 8 hr 

at 37 oc the medmm was changed to a serum-free basal medium. and 

the cells were incubated for another 16 hr at 37 °C. Then, the cells 

were incubated with a serum-free MEM containing a given amount of 

MA-CDA or fluorescein MA-CDA. A serum-free MEM without MA

GDA was used for the control The cell proliferation was evaluated by 

a colorimetric assay usmg WST-1 and methoxy PMS4 at 415 nm on a 

Model 450 microplate reader (Bio-Rad, Richmond, CA). The relative 

ratio of the number of living cells with MA-CDA to that without MA

CDA. All the runs were repeated four times. 

Uptake of fluorescein MA-CDA or FITC-dextran by L929 cells 

The cells in their growth phase were lightly trypsinized and 

resuspended to be 2 x 105 cells/ml in a basal medium containing 10 

vol% ofFBS. The cell was seeded at a density of 10s cells/cm2 on a 24-

well microtiter plate. After 8 hr incubation at 37 °C, the cell 

monolayer was washed twice by PBS. The medium was replaced by a 

serum-free basal medium, and cells were incubated for another 16 hrs 

at 37 °C. Then the monolayer of L929 cells was incubated at 37 oc in 

a serum-free basal medium supplemented with an appropriate amount 

of either FITC-dextran or fluorescein MA-CDA. After various periods 
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of incubation at 4 or 37 oc. the cell monolayer was rinsed three times 

with PBS, and then the cells were harvested by trypsinization and 

centrifuged. The cell pellets thus obtained were treated with 1 ml of a 

1 % aqueous SDS solution. Fluorescence intensity of the cell lysate 

thus obtained was measured at 520 nm (excited at 496 nm) on a 650-

10S fluorescence spectrophotometer. 

Effect of a metabolic inhibitor on fluorescein MA-CDA or 

FITC-dextran uptake 

The L929 cell monolayers were obtained on a 24-well plate as 

described above. The culture medium was replaced by 0.2 ml of 1\.tlEM 

or MEM containing sodmm azide (5 mM), and the cells were incubated 

for lhr. Then 0.2 ml of MEM supplemented with either fluorescem 

MA-CDA or FlTC-dextran were added to the well, and the cells were 

incubated for 1hr at 37 °C. After the incubation, fluorescein MA-CDA 

or FITC-dextran uptake was measured as described above. 

Fluorescence microscopic observation 

L929 cells were plated on a ZOG-3 small cell observation chamber 

(l£lecon Kagaku, Chiba). The cell monolayers were incubated at 37 oc 
in a serum-free basal medium supplemented with FITC-dextran or 

fluorescein MA-CDA. Phase contrast and fluorescence images of cells 

were obtained with a MRC-600 confocal laser fluorescence microscope 

system (BioRad, Richmond, CA). The cells incubated with the 

polymers were excited at 488 nm using an Argon-ion laser, and the 
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fluorescence emission was monitored at higher wavelength above 515 

nm. 

RESULTS 

Interaction ofpolyanionic polymers with liposomal membrane 

Perturbation to liposomal membrane by polyanionic polymers was 

investigated by monitoring a release of 5(6)-carboxyfluorescein (CF) as 

encapsulated in liposome. Figure 4-1 indicates that the extent of 

perturbation was significantly affected by the polymer examined. MA

CDA and MA-ST caused a significant release of CF from the liposome 

depending on the polymer concentration. In addition. MA-CDA with 

higher molecular we1ght induced a complete release of the dye even at 

the lower polymer concentration compared with smaller MA-CDA. On 

the other hand, MA-MP and MA-BD did not induce the CF release at 

all within 15 hr of the polymer concentration up to 1mg/ml. It was 

coincident with the prvious result that MA-AU does not perturb 

liposomal membrane. 5 

Synthesis of fluorescein MA-CDA and its growth promotion 

activity 

MA-CDA was labeled with an amino derivative of fluorescein 

using water-soluble carbodiimide as the condensation agent. 

Formation of amide bonds was confirmed by infrared spectroscopy. 

Figure 4-2 shows a structure expected for the fluorescein MA-CDA thus 
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prepared. Based on the fluorescence intensity of fluorescein MA-CDA, 

the amount of the fluorescein residue conjugated was found to be 0.83 

per MA-CDA of the molecular weight 16,000. 
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Figure 4-1. Carboxyfluorescein release from liposome by 
polyanionic polymers, 
Polyanionic polymers; MA-CDA-1.Sk ( x), MA-CDA-22k (0 ), 
MA-ST (0), MA-MP(6), and MA-BD (. ). Phospholipid 
concentration was J .0 x 10·5 M. Incubation period: 15 hr. 
Temperature: 37 ·c. 

Effect of the fluorescein labeling on the growth promotion activity 

of MA-CDA was studied using L929 fibroblasts. Both labeled and 

unlabeled MA-CDA showed the same extent of the activity (Figure 4-3). 

In addition. the activity-concentration relationship of the two MA

CDAs was same (Figure 4-3). This meant that the effect of the 

labeling was negligible on the cell growth promotion activity of MA-
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CD A. 

Figure 4-2. Expected structure of fluorescein MA-CDA. 
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Figure 4-3. Growth promotion activity of unlabeled (open circle) and 
fluorescein labeled(closed circle) MA-CDA to L929 fibroblasts in a serum
free medium. L929 cells were incubated with the polymers for 2 days. 

Uptake of fluorescein MA-CDA by L929 fibroblasts 

L929 uptake of fluorescein MA-CDA was studied under the same 

serum-free condition as that used the growth promotion activity study. 
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Figure 4-4 shows the relation between the incubation time and the 

cellular uptake of the polymers. Because FITC-dextran is introduced 

by endocytosis6 and does not show any physiological activity, it was 

used as the reference of the endocytic activity of the cell. At 37 °C, 

fluorescein MA-CDA as well as FITC-dextran was uptaken by L929. 

The uptake of fluorescein MA-CDA gradually decreased during the 

incubation (Figure 4-4A). However, FITC-dextran was introduced at a 

constant rate under the same condition, and a decrease in the cellular 

uptake was not observed different from the case of fluorescein MA-CDA. 

For both fluorescein MA-CDA and FITC-dextran, the amount of cell 

uptake increased as the polymer concentration in the medium became 

higher (Figure 4-5). However, the uptake of fluorescein MA-CDA 

levelled out at the higher polymer concentration. With FITC-dextran, 

no saturation was seen up to 2000 !J.glml When the uptake efficiency 

is defined by the % ratio of the amount of polymer uptaken to that 

administered per 105 cells (below 500 !J.g/ml), the uptake efficiency of 

fluorescein MA-CDA was much higher than that of FITC-dextran. For 

example, at 100 J..lg/ml of the polymer, the uptake efficiency was 0.22% 

for fluorescein MA-CDA, while 0.0016% for FITC-dextran. 

The cell uptake drastically decreased at the low temperature (4 

oc) for both fluorescein MA-CDA and FITC-dextran (Figure 4-4 and 4-

5). However, small but obvious cell uptake was still observed with 

fluorescein MA-CDA, while the uptake of FITC-dextran was negligibly 

small. For both polymers, sodium azide, a metabolic inhibitor, 7 also 

lowered the cell uptake efficiency by approximately 40 % (Table 4-1). 
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Figure 4-4. Cellular uptake of fluorescein MA-CDA (A) and me. 
dextran (B) by L929 fibroblasts at 4 oc (closed circle) and 37 oc 
(open circle). Concentration: 100 J!Wml of fluorescein MA-CDA 
and 1 mg/ml of FITC-dextran. 
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Figure 4-5. Cellular upatake of fluorescein MA-CDA (A) and me. 
dextran (B) by L929 fibroblasts at 4 oc (closed circle) and 37 oc (open 
circle) as a function of polymer concentration. Incubation time: 5 hr. 
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Table 4-1 Effect of NaN3 on fluorescein MA-CDA uptake or 
FITC-dextran uptake by L929 mouse fibroblasts 

NaN3 Internalizedpolymer Inhibition 

(mM) 

MA-CDA none 

5 

(ngf105 cells) 

29.2 ± 3.4 

11.4 ± 1.8 

(%) 

61 
............................................................................................................................................................................................................... 
FITC-dextran none 3.6 ± 0.2 

5 1.6 ± 0.1 56 

All the runs were triplicated. Polyme1· concentration: 100 f.Lg/ml of 
fluorescein MA-CDA and 1 mg/ml ofFITC-dextran. Incubation time: 
lh. For the condition see Materials and Methods. 

As shown in Table 4-2, t he addition of unlabeled MA-CDA slightly 

reduced the uptake of FITC-dextran. On the other hand, the uptake of 

fluorescein MA-CDA was drastically decreased by the addition of 

unlabeled MA-CDA. 

Table 4-2 Effects of unlabeled MA-CDA on the uptake of 
fluorescein MA-CDA and FITC-dextran 
Unlabeled MA-CDA 

added Uptake (ng/105 cells) 
(f.Lg/ml) 

none 

100 

500 

Fluorescein MA-CDA 

552 ± 23 (100) 

101 ± 4.1 (18) 

51± 0.0 (9) 

FITC-dextran 

38 ± 0.3 (100) 

30 ± 1.4 (79) 

29 ± 1.6 (76) 

Concentrations: 100 f.Lg/ml of fluorescein MA-CDA and 1 mg/ml of 
FITC-dextran. L929 cells were incubated with fluorescein MA-CDA or 
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FITC-dextran in the presence of unlabeled MA-CDA for 5h at 37 oc 
Values in parenthesis indicate the percent to the experiment without 
unlabeled MA-CDA. 

Subcellular distribution of fluorescein MA-CDA 

Subcellular distribution of fluorescein MA-CDA and FITC-dextran 

was investigated using a confocal laser microscope. Figure 4-6 shows 

both phase contrast and fluorescence images of L929 cells under the 

incubation for 1 hr at 37 oc with FITC-dextran (Figures 4-6 A and B) or 

fluorescein MA-CDA (Figures 4-6 C and D). FITC-dextran as the 

marker of endocytosis showed dot like distribution inside the cells 

(Figure 4-6 B). Fluorescein MA-CDA also showed similar dot like 

distribution in the cells. These results indicate that fluorescein MA

CDA was certainly endocytosed by L929 cells. 
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Figure 4-6. Microscopic images of L929 fibroblasts treated with FITC
dextran (A), (B) and fluorescein MA-CDA (C), (D). Phase contrast 
images: (A) and (C). Fluorescence images: (B) and (D). 
Concentration: I mg/ml of FITC-dextran and I 00 !J-g/ml of fluorescein 
MA-CDA. Incubation time: 1 h. 
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DISCUSSION 

Among the polyanionic polymers studied, the polymers those show 

the cell growth promotion activity showed also strong binding to lipid 

membranes. The extent of perturbation of the polyaniomc polymers to 

liposomal membrane showed a good correlation with the growth 

promotion activity of the same polymers (see Chapter 3) MA-CDA 

and MA-ST, both of which were effective in the cell growth promotion, 

showed also significant perturbation to liposomal membrane. 

However, MA-BD and MA-MP neither of which were active did not 

show any efficiency in the cell growth promotion. Higher molecular 

weight MA-CDA showed both the higher growth promotion activity and 

the larger membrane perturbation. 

Considering the chemical structure of the polymers in this study, 

the cyclohexylidene moiety of MA-CDA and the phenyl moiety of MA

ST should make the two polymers more hydrophobic than both of MA

BD and MA-MP. The present result agrees with previous studies, 

which suggest that the extent of liposomal membrane perturbation by 

the polyanionic polymers should increase for more hydrophobic 

polymers. a-to The dependence of cell growth promotion activity on the 

structure of maleic acid copolymers, therefore, can be ascribed to the 

hydrophobicity of the polymers. 

In previous studies of biological activities of maleic acid 

copolymers such as macrophage activation and cytokine induction, the 

hydrophobicity of the polymer was also found to be important for those 
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biological activities.9·11 Among those, a similar correlation between the 

perturbation to liposomal membrane and a biological activity of maleic 

acid copolymers has been reported for macrophage activation. Suda 

and his coworkers examined maleic acid copolymers, which showed 

macrophage activation, relating with the ability to perturb liposomal 

membrane. They found a positive correlation between the extent of 

perturbation and the macrophage activation efficiency. 

The study further estimated the binding of those polymers to 

intact cells. The binding was also positively correlated with the 

perturbation.8 This correlation also has been explained by 

hydrophobicity of the polymers. Presumably, the hydrophobic part of 

the polymer inserts itself into the liposomal membrane to cause the 

perturbation. Similarly, the part associates with hydrophobic domain 

of cell plasma membrane resulting in the binding to cells. The 

polyanionic nature of maleic acid copolymers is expect to prevent these 

polymers from interacting with cell plasma membrane negatively 

charged. 12 It is conceivable that an extra factor such as hydrophobic 

association should be necessary for the polymers to interact with cell 

membranes. 

Considering these facts, the difference in the primary structure 

among the maleic acid copolymers should be reflected on the 

hydrophobicity of the polymers and affect their binding to the cells. 

The difference in the cell growth promotion activity of the polyanionic 

polymers, therefore, may be attributed to the different binding of the 

polymers to cell plasma membrane. 
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For maleic acid copolymers, relation between the membrane 

perturbation and the biological activities seems to be valid. For 

polyanionic polymers other than maleic acid copolymers, however, an 

ability to cause the liposomal membrane perturbation may not 

necessarily mean that a polymer has the growth promotion activity to 

fibroblasts. For example poly(styrene sulfonate) caused the CF 

release, although this polymer rather showed cytotoxicity to fibroblasts 

(data not shown). 

lf MA-CDA and other maleic acid copolymers induce the cell 

growth promotion by acting extracellularly the association of these 

polymers with cells would control the activity On the other hand. it is 

also plausible that the polymers induce the cell growth promotion after 

internalization into the cells. 

No difference in the growth promotion activity between fluorescein 

MA-CDA and unlabeled MA-CDA indicates that the interaction of MA

CDA with 1929 cells is not significantly affected by the fluorescein 

labeling. Therefore the results obtained in the present study for 

fluorescein MA-CDA should be a good description of the interaction of 

MA-CDA with L929 cells. 

A significant part of MA-CDA would be internalized into cell via 

endocytosis, because the uptake of fluorescein MA-CDA salso was by 

endocytosis.7 The uptake was suppressed at lower temperature (4 °C) 

and by a metabolic inhibitor, sodium azide. 1o Results of the 

microscopic observation are also consistent with the endocytic 

internalization ofMA-CDA. 
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The suppression of cell uptake in the presence of unlabeled MA

CDA and the saturation phenomenon of the uptake as a function of 

fluorescein MA-CDA concentration indicate the rate of cell uptake 

should be controled by the number of binding site. In addition, the 

significant inhibition of cell uptake with the pretreatment of unlabeled 

MA-CDA s trongly suggests that the cell uptake would be receptor

mediated uptake. A large difference in the uptake efficiency observed 

between fluorescein MA-CDA and FITC-dextran is explained by 

binding specificity to cell plasma membrane between the two. This is 

suggested also from nonspecific but strong association of MA-CDA to 

liposomal membrane. Highly hydrophilic FITC-dextran does not bind 

much to the cell plasma membrane. Enhancement of the uptake 

activity of cells by MA-CDA is unlikely, because the uptake of FITC

dextran also dec1·eased by addition of unlabeled MA-CDA. 

The endocytic activity of cell is known to depend on the cell state 

including cell metabolism7 and cell cycle.6 The gradual decrease of the 

fluorescein MA-CDA uptake after long term incubation and the 

moderate suppression of the FITC-dextran uptake by unlabeled MA

CDA suggest that the interaction of L929 cells with MA-CDA should 

suppress the receptor-mediated endocytosis of the cells. This 

suppression, as well as the growth promotion, might be certain change 

in the cell state as induced by the interaction with MA-CDA 

At present, a problem still remains whether the binding of the 

polymer to the cell plasma membrane could solely induce the growth 

promotion through a signal transduction or the polymer would 
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intracellularly affect the the growth. In a previous study regarding 

macrophage activation by maleic acid copolymers, the polymers were 

introduced specifically to the inside of the cells using endocytic uptake 

of the polymer-loading liposome. 5. 
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ABSTRACT 

Chapter 1 

A capillary affinity gel electrophoresis (CAGE) system was constructed 

for both separation of oligonucleotides and evaluation of the interaction 

between oligonucleotides and an immobilized affinity ligand. Poly(9-

vinyladenine) (PVAd) was physically entrapped in a gel matrix filling a 

capillary by in situ polymerization of an acrylamide monomer solution 

containing PVAd. The immobilized PVAd caused retardation of the 

electrophoretic migration which was specific to oligothymidylic acids 

(oligo(dT)s). This suggests a base specific interaction between PVAd 

and oligo(dT)s in the electrophoresis. The migration time of oligo(dT)s 

was influenced by several parameters; increase of the molecular weight 

of PVAd or the PV Ad concentration delayed the migration, increase of 

the urea concentration and the capillary temperature decreased the 

migration time. These observations suggest that the interaction 

between PVAd and oligo(dT)s should be based on hydrogen bonding. 

Also through these parameters, separation of oligonucleotides in this 

CAGE system is highly optimizable. A base-line resolution of 15-mer 

oligo(dT) from oligo(deoxyadenylic acid)s of similar molecular weights 

was achieved. The present CAGE system inherits as its advantage 

both high resolution from CGE and affinity interaction from AGE. 
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Chapter 2 

Using the capillary affinity gel electrophoresis system constructed in 

the previous chapter, the interaction between an immobilized ligand 

poly(9-vinyladenine) (PVAd) and oligodeoxynucleotides was investi

gated. Apparent association constants for the complexation of PVAd 

and deoxynucleotide hexamers of defined base sequences were obtained. 

The results suggest that the interaction should occur between the 

adenine moieties of PVAd and thymidylic acid units of the hexamers 

and that other bases in the hexamers weaken the interaction as 

mismatching bases. Two rules governed the strength of the 

interaction; (i) introduction of a mismatching base in place ofT in the 

sequence of a hexamer decreases the interaction of the hexamer with 

PVAd, and (ii) a shift of a mismatching in a continuous T sequence 

toward the center of the T sequence further decreases the interaction. 

This CAGE system successfully distinguished partial 20-base 

sequences of a native DNA different by only one base from each other. 

This demonstrates the validity of the CAGE system for oligonucleotide 

separation. The above rules were found to be even applicable to the 

interaction ofPVAd with these longer oligodeoxynucleotides which have 

totally heterogeneous base composition. 

Chapter 3 

A synthetic polyanionic polymer, poly(maleic acid-alt-7, 12-dioxaspiro

[5.6]dodec-9-ene) (l\1A-CDA), was found to enhance the growth of L929 
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and STO fibroblasts. After three days, at the optimum polymer 

concentration, the cell numbers increased 3.7-fold for STO cells and 1.9-

fold for the L929 cells compared with the cells cultured in a comparable 

condition without MA-CDA. The cell growth promotion by MA-CDA 

required no other external growth factor present in a medium. In 

addition MA-CDA did not induce the autocrine secretion of growth 

factors. These results indicate that MA-CDA has a direct growth 

promotion effect on these fibroblasts. This growth factor-like activity 

of MA-CDA is novel and unique among known synthetic polymers. 

Another polymer structurally related to MA-CDA, poly(maleic acid-alt.

styrene), also showed the growth promotion activity similar to that of 

MA-CDA. 

Chapter 4 

The interactions of cells with poly(maleic acid-alt-7,12-dioxaspiro

[5.6]dodec-9-ene) (l\1A-CDA) and other polyanionic polymers, which 

have the growth promotion activity to fibroblasts, were investigated. 

The polyanionic polymers which show the growth promotion activity 

have an ability for strong interaction with lipid membrane. The 

interaction of these polymers different in their structures or molecular 

weight with lipid membrane was evaluated from perturbation of 

liposomal membrane by the polymers and showed a good correlation 

with the growth promotion activities of the polymers previously 

observed. The result also suggests that hydrophobicity of the 
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polymers should control the interaction. 

Furthermore, uptake of fluorescence labeled MA-CDA (fluorescein MA

GDA) by fibroblasts showed the typical behav10rs of endocytic 

internalization such as suppression by low temperature or by a 

metabolic inhibitor. Fluorescence miscroscopic observation also 

supported the endocytosis of fluorescein MA-CDA by L929 cells. In 

addition suppression of the uptake by unlabeled MA-CDA and the 

saturation of the uptake at higher MA-CDA concentration (500 1-1-g/ml) 

suggest binding of MA-CDA to cell plasma membrane as the essential 

step prior to the internalization. 
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